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Abstract

The objective of the work described in this thesis is to build a first-principles
based dynamic natural-circulation model for an utility boiler. Three models are
developed in this thesis, namely a steady-state natural-circulation model from
Kakag ef.al. (Kakag, 1991), a transient natural-circulation model modified from
the steady-state model, and the hydraulic flow network model based on Porsching
et.al. (Porsching et al., 1971). The steady-state model serves to examine the
accuracy of Kakag's method for simulating natural circulation. The transient cir-
culation model, intending to improve the defficiency in simulation time of the
steady-state model, is incorporated into a complete boiler model, including fur-
nace, superheaters, steam drum, and economizer models which are developed by
Chiu (Chiu, 1996). A comparatively detailed approach - the hydraulic flow net-
work from Porsching ef.al. (Porsching et al, 1971) is examined to evaluate the

feasibility to predict more accurate transient dynamics of the circulation.
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Chapter 1

Introduction

1.1 Background

An investigation, via modeling and simulation, of the Syncrude Canada Ltd. (SCL)
steam /electrical system was proposed due to concerns regarding the stability of the
local system under conditions of large transient excursion away from the previous
operating point. The transient excursion is mainly caused by the operation of the
large draglines during the loading phase at which tens of magawatts of power can
be drawn. This significant power demand puts a detectable voltage transient onto
the Alberta grid. As a result, the intertie power with Alberta grid is lost due
to the protection of the rapid decay of electrical frequency. This phenomena will
switch the power dependence to local power generation system and, at this time,
the plant electrical load will be highly time varying. Under conditions mentioned,
the numerous single-loop controllers can interact strongly and poor stability of the
transient recovery has been observed. This may possibily lead to automatic boiler
trip and cascading outage or to even complete plant shutdown.

The SCL steam generation system consists of five boilers, three utility boil-



ers (UB) and two carbon monoxide boilers (CB), connected in parallel to a com-
mon steam header which supplies steam to bitumen extraction and other plant
processes, and for electric power generation by four turbogenerators. Therefore,
a erratic variation in or a loss of steam generation would definitely affect the en-
tire plant operation adversely, not only for economic impact but also for safety.
Therefore, a dynamic simulation model which studies the steam and the electricity
generation system under large transient conditions is essential before modifications

for the local system are made to attain desired operating conditions.

1.2 Scope and Objectives of Study

The objectives of this study are to develop a dvnamic model for the natural-
circulation circuit of the utility boiler which will be combined with the remaining
boiler components, such as furnace, superheaters, enconomizer and steam drum
developed by Chiu(Chiu, 1996). The complete boiler model will be incorporated
with the power generation and steam distribution system models, completing the
entire system model.

A steady-state natural-circulation model will first be developed to establish
the characteristics of natural circulation. Moreover, the steady-state model will
also serve as a guideline to the development of the transient circulation model which
is modified from the steadv-state model. The transient model will be validated
independently using data from reports of SCL. Then, the transient model will

be incorporated with the rest of the overall model components. An examination



of the performance of the circulation circuits will be done to validate the steam
generation capability.

Another approach, using the hydraulic flow network concept from Porsching
et.al. for developing a dynamic circulation model, is examined to evaluate the ac-
curacy of predicting the dynamic behavior of natural circulation. A more detailed
study of two-phase heat transfer and transient circulation behavior during the

change in heat input and subcooling in downcomers will be undertaken.

1.3 Structure of the Thesis

There are six chapters in this thesis. Chapter 1 provides the background
for the initiation of the power generation system studies, the scope and objectives
of the development for the dynamic circulation model, and the structure of the
thesis.

Chapter 2 provides detailed descriptions of the structure of the utility boiler
and the principles of steam generation.

Chapter 3 presents the theoretical background for the types of two-phase
flow model. The determination of the pressure drop terms is also explained. The
related heat transfer correlations used in modeling two-phase flow are fully pre-
sented.

Chapter 4 shows the development and validation of the steam generation
model using Kackag et.al (Kakag, 1991) steady-state natural-circulation approach.
The transient circulation model is also developed based on the steady-state model.

This transient circulation model is validated independently and is incorporated



to the other utility boiler component models with which the performance of the
model is analyzed.

Chapter 5 presents the development of the hydraulic flow network model,
adopting generation bank as model. The heat transfer model is also developed to
accurately study the feasibility of using this approach to predict natural circulation.
The detailed derivations of all formulations and methods are shown in addition to
analyzing the simulation under different proposed boundary conditions.

Chapter 6 provides concluding remarks and suggestions for future work.
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Chapter 2

Description of Utility Boilers of
Syncrude Canada Limited

2.1 Introduction

Boilers have evolved into complex and immense heat exchange machines.
However, the fundamental function of a boiler unit is to convert water into steam
for electricity generation and process applications. For different applications, there
are various types of boiler designs characterized by their fuel types, operating
pressures, steam-water circulation methods, fuel firing methods and heat transfer
surface arrangements. The design objective is then to choose a proper boiler config-
uration capable of generating desired steam load under certain specific application
requirements and restrictions, such as boiler sizes, reliability, fuel availability, en-
vironmental protection, and economic factors.

In the Mildred Lake Plant of Syncrude Canada Limited (SCL), there are
three utility boilers operating in parallel to generate steam to the 6.6 M Pa com-
mon header from which steam will be distributed to different process entities. The

utility boilers are designed to operate at subcritical pressure [< 22.1 M Pa], to

[&]]
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circulate steam-water mixture using natural-circulation method, and to burn re-
finery gas as fuel. In addition, each utility boiler is designed to generate 94.5 kg/s
steam as the normal peak load. The simulation of the utility boiler cannot be im-
plemented without a thorough understanding of its physical structure. Therefore,
this chapter will provide a detailed description of the structure of the utility boiler

and explain how steam is generated.

2.2 The Components of the Utility Boiler

The utility boiler is a large and complex piece of heat exchange equipment.
It is rather difficult to depict every detail of its structure. Therefore, a simplified
schematic diagram of the utility boiler is used and shown in Figure 2.1. The utility
boiler can be generally divided into sections as follows:

1. Furnace.

o

Superheaters.

3. Steam drum.

4. Mud drum.

. Convective generation bank.

9]

6. Economizers.

2.2.1 Furnace

Furnace is basically a big metal chamber lined with membrane panels of

6
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Figure 2.1: Schematic diagram of the UBO.
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water tubes. It serves as a combustion chamber to produce hot flue gas and radiant
heat for steam generation. A total of 482 membrane-panel water tubes of 0.0635 m
outer diameter (OD) on 0.0762 m centers cover every surface of the furnace. The
tube wall thickness is 0.00419 m. The water walls, besides generating saturated
steam, play an important role to protect other metal parts, such as water feeders
and boiler shell from temperature related failure. The adoption of membrane-panel
water walls is due to their facility in construction and maintenance. They are
prefabricated in pieces by manufacturer and fastened together on site using bolts
and nuts, and welding. Therefore, if a specific area of tubes needs replacement,
only that affected membrane panel is replaced, not the whole tube as in other
design.

The water walls are geometrically divided into front wall, side wall and rear
wall as shown in Figure 2.2. The front wall is the vertical part of the long water
tubes running from mud drum to steam drum. The tubes then form the front wall,
the floor, and the ceiling in the furnace. Similarly, the rear wall is composed of
tubes running from mud drum to steam drum. However, the geometry of the rear
wall is distinctive. It forms a slag screen to absorb remaining radiant heat from the
furnace to protect the superheaters’ tubes and a “nose™ to protect feeders of the
superheaters from intensive heat from the fire ball. The side walls can be divided
into three sections on one side, total of six sections on both sides. Each section is
connected to its own water feeders to which water is supplied from the mud drum.
The two-phase mixture of each side wall section will go to the steam drum through

the distributed headers and the risers.
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Figure 2.2: Schematic diagram of Furnace.

There are six horizontally placed burners arranged in two rows at the near
bottom of the front wall as shown in Figure 2.1. The ignition is initiated by high
voltage spark and high capacity natural gas in the combustion chamber where fuel

and air are mixed to form an ignitable mixture. The system adopted to supply air
and expel flue gas is called balanced draft, in which forced draft and induced draft
fans are utilized. The forced draft fan is to provide atmospheric air from inside or
outside of the Powerhouse for combustion and the induced draft fan is to draw flue

gas from the boiler and discharge it to a common stack to maintain balanced draft



condition in the furnace. This particular system is designed for boilers operating
in confinement (the situation in SCL) because it has operating pressure slightly
lower than atmospheric pressure. Thus, flue gas containing hazardous elements

will not leak out from cracks in the boiler shell.
2.2.2 Superheaters

There are two superheaters, primary and secondary superheaters, inside the UBO.
They function to increase the heat content of the saturated steam leaving the
steam drum to superheated steam. An interstage attemperation is applied to
control the outlet superheated steam temperature. The attemperator manipulates
high pressure feed water to desuperheat the superheated steam and thereby control
temperature. Both superheaters are of continuous tube type and are supported
by four headers. The superheaters receive heat by convection from the flue gas
leaving furnace and a small amount by radiation from the fire ball. The outlet

superheated steam then goes to the 6.6 Af Pa common header.

2.2.3 Convective Generation Bank

The purpose of the convective generation bank or boiler bank is to generate steam
using convective heat of flue gas. The boiler bank is formed by bundles of aligned
tubes which are connected between the steam drum and the mud drum. As shown
in Figure 2.1, the boiler bank consists of two sections, risers and downcomers,
each with eighty-one tubes. The front ten rows are heated risers and the rear

eleven rows are heated downcomers. The boiler bank contains 1806 tubes which

10



are fabricated from 0.0635 m OD x 0.00343m MW tubing. All tubes are swaged
at the mud and steam drum to 0.0508 m. The boiler bank enclosure is formed by
the outer tubes of the boiler bank which are membraned as the water walls in the

furnace.

2.2.4 Steam Drum

The steam drum, 11.89 m in length and 1.83 m in diameter, is a cylindrical tank
with ellipsoidal ends, and the design maximum pressure is 7.93 M Pa. It serves

several functions as follows:

1. Separate the steam-water mixture by means of cyclones, and primary and

secondary scrubbers.
2. Serve as mixing point for feedwater and recirculating boiler water.

3. Permit maintenance of boiler water impurities by blowdown operation.

The cyclones, which function to mechanically separate liquid water from saturated
steam, are located on one side in the steam drum as shown in Figure 2.3. There are
fifty-four cyclones arranged in two rows along the front side of the steam drum. The
outer and inner row consists of twenty-eight and twenty-six cyclones respectively.
The liner or the belly plate in the steam drum, which directs the steam-water
mixture from the risers to the cyclones, covers the front ten rows of the boiler
bank tubes. The primary and secondary scrubbers serve to further extract water
from the saturated steam, so that the exit saturated steam has quality exceeding
99 %.

11
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Figure 2.3: Schematic diagram of the steam drum structure.

The 0.203 m OD feedwater pipe is located near the bottom in the steam
drum. Total of one hundred and ninety-five 0.0127 m holes are drilled at the top of
the pipe. Because the temperature of the feedwater is significantly cooler than that
of the recirculating boiler water, the mixture of the feedwater and the steam drum
liquid still has temperature lower than saturation and it will stay at the bottom
in the steam drum. Besides the heated downcomers supplying subcool water to
the heated risers, there are two 0.406 m OD downcomers connected between the

steam and mud drum outside the flue gas path.
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2.2.5 Mud Drum

The mud drum has a similar apperance as the steam drum, except its dimension is
comparatively smaller. Its length is 11.3 m and diameter is 1.22 m. The purpose

of the mud drum is to:
1. Serve as a collecting chamber for foreign matter.

2. Serve as a distribution point for the steam generating tubes of the boiler

bank and the water tubes in the furnace.

When the utility boiler is not in operation, the water in the mud drum is kept in

the hot standby condition by using steam.

2.2.6 Economizer

The economizer is another item of heat exchanging equipment in the utility boiler.
It functions to further recover the sensible heat of flue gas in order to increase the
heat content of the feedwater. This step is important in boiler operation because
the extent of the subcooling of water entering the downcomers will decrease. In

other words, the hydraulic stability of the boiler bank will increase.

2.3 Steam Generation of the Utility Boiler

After understanding the functions of each section of the utility boiler, the expla-
nation of how steam is generated can be undertaken. When the fire ball is formed

in the furnace, the flue gas is continuously driven following the path shown in

13
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Figure 2.4: The flue gas path in the UBO.

Figure 2.4. The water tubes in the furnace receive radiant heat from the fire ball
to produce steam, so the steam-water circulation must be maintained to protect
other metal parts from temperature related failure.

The steam-water circulation is of natural-circulation type, meaning that no exter-
nal force, such as a pump is used for assisting the movement of the fluid. The
same kind of circulation occurs in the boiler bank as the flue gas passes the tubes
in counterflow fashion. Because of the large heat transfer area in the boiler bank,

the amount of steam generated is higher than that of the water tubes in the fur-
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nace. The saturated steam generated from the water walls and the boiler bank
goes to the steam drum, in which the water is mechanically separated from the
steam. The high quality saturated steam is driven to the superheaters by the
pressure difference between the steam drum and the common steam header. It
passes through the primary superheater first, then the secondary superheater. An
interstage attemperator is used to control the exit superheated steam temperature.
The amount of steam generated is compensated by feeding feedwater back to the
circulation circuit to maintain the operating water level in the steam drum at the

designed operating conditions of the steam-water circuitry.

2.4 Conclusion

The utility boiler of Svncrude Canada Limited is designed to work at subcrit-
ical pressure and circulate steam-water mixture using natural circulation. The
functions and structures of all components of the utility boiler, namely furnace,
superheaters, steam drum, mud drum, convective boiler bank and economizer, are
discussed and explained with the assistance of simplified schematic diagrams in
this chapter. The furnace is a large-volume metal chamber which allows fuel-air
mixture to combust and provide necessary heat to generate steam. The main func-
tions of water walls inside the furnace and convective boiler bank are to maintain
the temperature inside the boiler at which the metal parts will not be melted and
to generate steam at the same time. Two superheaters, primary and secondary,

connecting in series serve to superheat saturated steam from steam drum to steam

15
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header. Steam drum and mud drum play important roles as collective and dis-
tributing nodes for steam and subcooled water respectively. Finally, economizer
is needed to recover sensible heat from the expelled flue gas to maximize thermal

efficiency.
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Chapter 3

Two-Phase Flow and Heat
Transfer

3.1 Introduction

For the last few decades, two-phase flow studies have received considerable atten-
tion because of its vast applications in industries such as nuclear reactors, steam
power plants, and refrigeration systems. Its applications in steam power plant and
nuclear reactor are most numerous. Using steam for driving turbogenerators is by
far the most conventional method for electric power generation. Many methods
and mechanisms have been developed to efficiently generate steam. One popu-
lar mechanism is to produce steam in an upward flowing channel using external
heat source. Although the idea is as simple as boiling water, the complexity of
the mechanism behind it did induce many researchers to develop many empirical
correlations to characterize two-phase flow under different conditions. From an en-
gineering perspective, the objective of the study of two-phase flow is to determine
the heat transfer and pressure drop characteristics of a given flow. Therefore,

this chapter will describe four two-phase flow regimes commonly categorized by
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researchers. Then two analytical two-phase pressure drop models -~ homogeneous
and separated flow models will be discussed. In order to successfully employ the
analytical models, the void fraction has to be evaluated and its correlations are
presented in following section. This will be followed by the description of flow

boiling and two-phase heat transfer correlations.

3.2 Two-Phase Flow

Two-phase flow can be generally divided into two categories — adiabatic and dia-
batic flows. Adiabatic two-phase flow is a hydrodynamic problem which involves
phase change by pressure, total flow rate, quality and fluid properties. Diabatic
two-phase flow is a coupled thermohydrodynamic problem which involves phase
change by heat transfer and hence a change of phase distribution and flow pattern:
on the other hand, a change in phase distribution affects heat transfer character-
istics. These observations suggest the complexity inherent in two-phase flow and
the importance of knowing the flow pattern. The number of characteristic flow
patterns and the names used for them changes from investigator to investigator.
For example, Stultz and Kitto (1992) describe four diabatic vertical flow patterns.

They are:

1. Bubbly flow, in which the discrete vapor phase is dispersed in a continuous
liquid phase. Bubble size, and distribution are dependent on the flow rate,

heat input rate and pressure. This flow pattern occurs at low void fractions.

18
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Slug flow, in which relatively large liquid slugs appear in the flow as a result
of the start of agglomeration of vapor bubbles. This flow occurs at moderate
void fractions and low flow velocities. The flow pattern seems to occur at
the transition between the bubbly and annular flows. This flow pattern does

not appear at a high heat flux nor in a short flow channel.

3. Annular flow, in which a liquid layer is formed on the tube wall with a
continuous steam core. Discontinuous liquid phase is present in the steam
core as droplets, while discontinuous vapor phase appears as bubbles in the
annulus. The presence of liquid phase in the core or vapor phase in the
annulus is dependent upon the vapor velocities. This flow pattern occurs at

high void fractions.

4. Mist flow, in which a continuous steam core carries entrained water droplets
which slowly evaporate until a single-phase steam flow occurs. This is also

referred to as dispersed flow.

3.3 Pressure Drop of Two-phase Flow

Pressure drop in two-phase flow is subject to the flow pattern as defined by
its phase distribution as discussed in the preceeding section. The two-phase flow in
a channel with heat addition is a variable density flow. If the pressure drop along
the channel is relatively small compared with the absolute pressure, the flow is

practically incompressible (Tong, 1965). The change in flow density is due to the

19



]

NN NN NN N N N NN
®
AN N, N N . . . W L N ¥

Flow

Intermediate Annular Mist

Fiow Flow or:*
Droplet

Flow

Figure 3.1: Flow pattern - co-current steam-water flow in a heated vertical tube.
phase change caused by heat to the channel. During the process of phase change.
the void and velocity distributions are changed: and therefore. the momentum of
the flow changes. The pressure drop of a vertical two-phase flow is composed of
three components - frictional loss, accelerational change and gravitional force. The
pressure drop for a two-phase flow can be written as

d d d d
(‘Zg)total = (;g)friction + ('(Tll)')acceleration + ('dl;')gfa”i‘““‘m (3'1)

Two analytical flow models based on Equation 3.1 have appeared in the litera-
ture for describing the two-phase flow pressure drop - the homogeneous and the

separated flow models.



3.3.1 The Homogeneous Flow Model

The homogeneous model is the simpler approach for analyzing two-phase
flows. The basic assumptions of a homogeneous model are

1. The velocity of vapor and liquid phase is equal.
2. Vapor and liquid phases are in thermodynamic equilibrium.
3. Single phase friction factor is applicable to the two-phase flow.

Using the homogeneous model, the steady state one dimensional momentum equa-

tion can be expressed as

d, G*t Adr .
- ?ill—)total = f2D2 + G-}ﬁ + pgsiné (3.2)

where the three terms on the right hand side represent the frictional, accelerational

and gravitational pressure gradients repectively.

3.3.2 The Separated Flow Model

The separated flow model treats the flow as two separate streams; one of
vapor and one of liquid, flowing at different velocities but in thermal equilibrium.
The corresponding one dimensional momentum equation is

_dp_ fG%
d[ total - 202

2., 2,
d zvy (1 I)Lf]+gsin9[apg+(1"a)Pf](3'3)

2-——
+Gdl[ o l1-a
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where the three terms on the right hand side represent frictional, accelerational

and gravitational pressure gradients respectively.

3.3.3 Frictional Pressure Drop

Two-phase frictional pressure drop is difficult to describe on theoretical
basis. In most situations it is evaluated using empirical correlations developed
from experimental data. Martinelli and Nelson (1948) suggested that the two-
phase frictional pressure gradient can be calculated by relating the single-phase
pressure gradient to a two-phase frictional multiplier. Thus, the two-phase friction
multiplier is defined as the ratio of the two-phase frictional pressure gradient to the
liquid-phase pressure gradient at the same total mass flow rate. This two-phase
frictional factor will depend on steam quality and system pressure. According to

this approach,

@7, = (dp/dl)rpr/(dp/dl), (3.4)

As shown in Figure 3.2, local ®%, was plotted versus local quality and pressure.
Martinelli and Nelson applied extensive experimental data to correlate ®2_ in terms
of the following parameter for tubulent flows of vapor and liquid:

1“1')0.9

= (K1 (Pay
xw= (Ehp (B2 (5

Hg

This is known as Lockhart-Martinelli parameter and it is a function of steam
quality and system pressure. The shortcoming of the Martinelli-Nelson correlation

is that it does not account for the effect of mass velocity on the two-phase frictional
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Figure 3.2: Martinelli-Nelson two-phase friction factor for low quality region.
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pressure gradient which has been observed experimentally. Another correlation
which is based on the Martinelli Nelson two-phase friction multiplier but accounts

for the effect of mass flux is presented in (Shoukri, 1980),

82, = q(G, P) {1.2 [% - 1] 2%} + 1.0 (3.6)
g
where
( 1.36 + 0.00345P + 0.000136 (G/108) —
6.7 x 107°5P (G/10°): (G/10%) < 0.7
9(G. P) = {

1.26 — 0.00276 P + 87.56 (10°/G) +

1.419P (105/G): (G/108) > 0.7

where P is pressure, kPa, and G is mass flux, kg/s m2.

While there are many investigators establishing empirical two-phase fric-
tional correlations which involve the effect of flow patterns, mass velocity and even
heat flux, the Martinelli-Nelson correlation is still the most widely used to evaluate

two-phase frictional pressure gradient.
3.4 Two-phase Flow Void Correlation

In addition to obtaining knowledge of the flow pattern in two-phase flow, it
is also crucial to understand quantitatively the relative amounts of each phase - the

void fraction. Since one-dimensional flow is always assumed in pressurized water

reactor, such as boilers, most quantities in the system are evaluated as the local
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averages over the cross section of the flow channel. The void fraction is defined as

the local vapor volume to the total flow volume at a cross section,

A,

=2 3.7
Ag+.~1f ( )

(04

Knowing the local void fraction one can calculate the local average density as

Plocal = pg + (1 — a) ps (3.8)

The vapor volumetric flow ratio 3 is defined as the ratio of vapor volumetric flow

to the total volumetric flow rate,

._ 9
3= o +9Qj‘ (3.9)

A local quantity « and a flow quantity 3 can be related in an expression by a flow

factor
C=% (3.10)
or
1-a)l] V,
c=! “%5+“9 (3.11)
The flow factor can also be expressed as
l1—-a
C=a+ 5 (3.12)



Pressure Pressure
MPa C MPa C
0.489 | 0.790 7.86 0.808
0.979 |0.783 10.8 0.827

1.96 0.783 13.7 0.850
2.94 0.785 17.7 0.904
3.92 0.788 19.6 0.938
5.88 0.796 20.6 0.975

Table 3.1: The flow factor at different pressure for steam-water data.

where S is the slip ratio defined as the ratio of the velocity of vapor to the velocity
of liquid.
'

S=-2 (3.13)
Vr

Some investigators, such as Kholodovski, Bankoff and Hughmark (Butterworth
& Hewitt, 1978) developed correlations using the flow factor to estimate the slip
ratio. Table 3.1 shows the values of flow factor at different pressure for steam-water
data by Kholodovski (Butterworth & Hewitt, 1978).

For homogeneous flow model, since the velocities of vapor and liquid are

the same, the slip ratio is equal to unity, and it can be expressed as

1—a
ad Pl (3.14)
-z o p

S=

For separated flow model, there are many two-phase void correlations which take
into account the effects of quality, pressure and mass velocity. The following two

correlations, respectively, from Armand (Ginoux, 1978) and Collier (Ginoux, 1978)



are widely used:

(0.833 +0.167z) T v, .
-0 +z0, Armand (3.15)

o= 1- §-1\7.‘7“l Collier (3.16)
Lo

The Collier void fraction correlation is based on Martinelli-Nelson two-phase fric-

tion multiplier.

3.5 Flow Boiling

Flow boiling or forced convective boiling describes the presence of heat
transfer to the fluid which is flowing due to natural circulation or forced circulation
bv pump. The heat transfer is distinctive because of the variable-density flow
nature of the working fluid. In addition, the nature of heat transfer in two-phase
flow is dependent on the flow pattern or, in macroscopic view, the local void
fraction and quality. To explain the various regimes of heat transfer in flow boiling
the upward flow of a liquid in a vertical channel with heated wall is considered.
The flow patterns of the imposed situation are postulated to develop as shown in
Figure 3.3. At point 4, the water enters the tube as subcooled liquid and convective
heat transfer cools the tube. The point of incipience of boiling occurs at point B
which is characterized by bubbly flow and known as subcooled boiling. The water
temperature continues to rise until the bulk fluid reaches saturation temperature.

Then another flow boiling phenomena, nucleate boiling, starts between point C

[(]
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and D. At this location, the steam-water mixture progresses through a series
of flow patterns: bubbly flow, slug flow and annular flow. The transition from
one flow regime to another results from the complex interaction of the surface
tension, pressure drop, steam-water densities and momentum effects coupled with
surface boiling behavior. In the annular flow region, a point is reached where the
liquid film becomes so thin that the nucleation in the film is suppressed, point F.
Heat transfer occurs through conduction and convection across the liquid film with
surface evaporation at the steam-water interface. For this annular flow regime, not
all the liquid is on the heated wall. Dispersed liquid droplets are entrained in the
steam core. This heat transfer mechanism is called convective boiling. Finally,
point G is reached where the tube surface is no longer wet and is so called drv out
or critical heat flux (CHF) occurs. This situation is tvpically associated with a
temperature rise at tube wall. The magnitude of the temperature and the location
depend upon various parameters, such as mass flux, heat flux and steam quality.

Bevond point A, single phase heat transfer occurs as all liquid is evaporated.

3.6 Heat Transfer Correlation

As referred from Figure 3.3, at point A, single phase heat transfer occurs

and Dittus-Boelter heat transfer correlation can be used.

D.h
k

D,
= 0.023 (G” )% ( %2)0“ (3.17)
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where

D, = hydraulic diameter.
h = heat transfer coefficient.

p = fluid density.

G = mass flux.

¢ = dynamic viscosity of fluid.
Cp, = heat capacity of fluid.

k = thermal conductivity of fluid.

As the bulk fluid temperature rises close to the saturation temperature, if the
temperature difference between tube wall and the bulk fluid is greater than 5
°C, incipient boiling will take place. Bergles and Rohsenow have developed a
heat transfer correlation for incipience of boiling by solving graphically the bubble

growth equation to give

Q _ ss.5812 (5)1-156 (T — T,) &3/ (R (3.18)
A K
where
Q _ L. . 2
3= boiling incipient heat flux, W/m?*.
P = pressure, kPa.

T, = wall temperature, °C.
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T; = saturation temperature, °C.

K = conversion factor, 6.894757.

After the incipience of boiling, subcooled boiling occurs. At subcooled boiling the
tube wall’s temperature is at superheat, and a thin layer of bubbles is generated on
the wall. However, the bulk fluid is still subcooled. Hence, one of the characteristics
for subcooled boiling is the quality is less than 5 %. The correlation by Thom et
al (Bergles et al., 1981), is recommended due to its better agreement with the

experimental data.

h = 1.40224 (%)0-5 exp[P/(8.68739 x 10%)] (3.19)
where
% = heat flux,il/m?>.
T, = wall temperature,°C.
T; = saturation temperature,°C.

P = pressure,kPa.

For fully developed nucleate boiling, Chen's equation is recommended. Chen
(Bergles et al,, 1981) applies Forster and Zuber's microconvective heat transfer

relation for boiling and Dittus-Boelter macroconvective heat transfer relation for
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forced convection. Therefore, Chen’ correlation becomes
h = hmic + hmac

or

k?.7903i45 p?.49 AT0.24 A P0.25 y

h = $(0.00122) + F(O.023)(Re)?'8(Pr)?'4k— (3.20)

OB B U2 07 D.
where

k, = thermal conductivity of liquid, 1#'/m?R.

Cp = specific heat of liquid, J/kgR'.

;= density of liquid, kg/m?>.

ps = density of vapor, kg/m>.
AT = temperature difference between tube wall and saturation, K.
AP = saturated vapor pressure difference according to AT, P,.

o = surface tension, N/m

i = dynamic viscosity of liquid, Ns/m?.
Hp, = latent heat of evaporation, J/kg.

D. = -equvalent diameter, m.

R. = Reynolds number.

P. = Prandtl number.



oy r——— = e

The parameter S in Equation 3.20 is a suppression factor defined as the ratio of the
mean superheat seen by the growing bubble to the wall superheat. It is expressed

as

1

S = {353 < 108 Bel ™ (3:21)

Another parameter F' in the equation is expressed as a funciton of the Martinelli
parameter, Xg.

1 for 1/xux <0.1
F =

2.35 (1/xe +0.213)%76  for 1/x, > 0.1
As stated in (Butterworth & Hewitt, 1978), Chen’s two-phase heat transfer correla-
tion has the best agreement with experimental data. Therefore, Chen's correlation
is by far the most recommended two-phase heat transfer correlation in literature.
However, the application of Chen’s correlation is rather complicated. Another two-
phase heat transfer correlation by Pujol and Stenning (1968) gives a much simpler

expression yet an adequate description for nucleate boiling.

h = hg, 4.0 (—1-)0~37 (3.22)
Xt
where
h = two-phase heat transfer coefficient, W/m2K.
hr, = single phase heat transfer coefficient, W/m?K.
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xee = Lockhart-Martinelli parameter.

Both of the above mentioned nucleate boiling correlations cover the quality ranging
from 0 to 0.7. That means the correlations are able to account for the annular flow
heat transfer. For quality higher than 0.7 other annular flow or film boiling heat
transfer correlations are required. In fact there are many investigators establishing
heat transfer correlations for this region because of the interest in the boiling crisis
occurred at the transition from annular flow to mist flow. Because this is not the
scope of this thesis, the correlations will not be presented and details can be found

in (Butterworth & Hewitt, 1978), (Tong, 1965) and (Bergles et al., 1981).

3.7 Conclusion

Two categories of two-phase flow can be identified: they are adiabatic and
diabatic flows. The definition of different two-phase flow regimes is based mostly
on experimental observations. Four flow regimes namely bubbly, slug, annular and
mist flow are commonly recognized. Pressure drop for two-phase flow is greatly
affected and characterized by flow patterns. Two flow models are usually employed
to evaluate the local pressure drop - homogeneous and separated models. The
homogeneous flow model assumes the velocity of vapor and liquid phase is equal,
the vapor and liquid phases are in thermodynamic equilibrium and single phase
friction factor is sufficient to the two-phase flow. On the other hand, the separated
flow model treats the flow as two separated streams, allowing the velocity of vapor

and liquid phases to be different but still assuming the two phases to be in thermal
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equilibrium, and a two-phase friction factor is used. There are various two-phase
friction factor correlations by investigators: however, the one from Martinelli and
Nelson is most widely used and referenced. Depending upon the flow models
selected, the local void fraction can be evaluated from slip ratio correlations which
are dependent mostly on pressure and quality. An example of upward liquid flow
in a vertical channel is applied to explain various heat transfer transitions one
could expect for a typical flow boiling or forced convective boiling. Recommended
heat transfer correlations for different flow patterns from literatures are stated and

discussed.



Chapter 4

Steam Generation Model
Development

4.1 Introduction
The purpose of a steam-water circuitry in a boiler is two-fold:

1. To generate saturated steam from the subcooled inlet water at the specified

pressure and temperature.

2. To act as coolant to keep the metal components from temperature-related

failure.

From design perspective, the above two purposes are interrelated because sufficient
steamn generation or steam-water circulation prevents excessive metal temperature
or temperature differentials that can cause failure due to overheating and over-
stressing. Thus, a circulation method, which can properly perform the mentioned
purposes in association with other operating conditions, such as heat input, firing

rate, and system pressure, is of major concern in boiler design.
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A variety of circulation methods have been developed to circulate water
and steam through the boiler system. These methods are usually classified by
the means used to control the circulation through the evaporator tubes or risers.
In general, they are broadly classified as “recirculating™ or “once-through” types.
For this particular UBO of SCL, the operating pressure is subcritical [< 22.1M Pa]
and the circulating method is natural-circulation, a sub-category of recirculating
types. Because of the complex nature of natural circulation, involving transitions of
single-phase to two-phase flow mechanism and heat transfer, a steady-state model,
comparatively simpler than dynamic model, is often adopted to study the boiler
performance in association with other boiler components.

This chapter will show the development of the steady-state natural-circulation
model suggested by Kakag ef.al. (Kakag, 1991) and the transient natural-circulation
model modified from the steadv-state model. Then, the validation of both models

will be discussed.

4.2 Natural Circulation

Natural circulation has been used for subcritical pressure drum-type boilers.
It is initiated when the mean density difference between downcomers and risers
produces sufficient pumping head to overcome the hydraulic resistances, such as
friction, exit and entrance loss in the circuit. The flow rate in the circuit is governed
by the heat input (fuel firing rate) and adjusted at design stage by appropriately

sizing the number and diameter of all tubes of the steam-water circuit. From
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the sizing of all tubes of the circuit, an important boiler design parameter, the

circulation ratio, is set. The circulation ratio, defined as the ratio by weight of

the water fed to the heated risers to the steam generated, determines whether the

boiler is at design operating conditions. The inverse of the ratio actually gives the

steam quality generated.

In steady-state, the balance of pressure drop in the downcomers and risers

can be expressed as:

(= pa — ‘/0- p(z) dz) g=( APfriction + APjcceteration + APiocal ) (4'1)

where

L4}

AP

total vertical elevation, m

incremental vertical elevations, m
heated tube local fluid density, kg/m?
average downcomer fluid density, kg/m®
acceleration of gravity, m/s?

circuitry pressure loss due to friction,

fluid acceleration and local loss, Pa

Although the natural-circulation flow is determined by the heat input, the flow will

not unrestrictedly increase in accordance with the increasing heat. A maximum

flow will be reached and the flow will decline, if higher heat inputs are sustained,
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because of larger pressure losses in the heated tubes due to higher steam quality
throughout, without corresponding increases in pressure differential. Therefore,
natural-circulation boilers are usually designed to operate in the region where in-
creased heat corresponds to an increase in flow for all possible operating conditions.
When operating in this mode, the circulation system tends to be self adjusting for

various situations in heat absorption.

4.3 The Steady-State Natural-Circulation Model

The steady-state natural-circulation steam generation model suggested by
Kakag et.al. (Kakag, 1991) is used. The impetus for developing the steady-state
natural-circulation model is to simplify the establishment of a conventional fluid
mechanic model mostly described by Navier-Stoke equations. For a steady flow,

the natural-circulation is governed by the following equation:
pigh— APy = z pihig + AP, + AP,, (4.2)

where p; and p; are the average densities of the water or the steam-water mixture in
the risers and water in the downcomers; AP;, AP,, and AP,, are the hydraulic re-
sistances of the downcomers, risers, and cyclones in the steam drum. Equation 4.2
is actually in the same form as Equation 4.1.

The left-hand side of Equation 4.2 represents the total pressure difference
of the downcomers, Yy, and the right-hand side terms express the total pressure

difference of the risers, ¥;. Then the operating point of the circulation loop at
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steady flow is

Y=Y, (4.3)

In Equation 4.2, Y; and Y; both depend on the local mass flow rate W, or the inlet
water velocity of the risers v,. Therefore, the total circulation rate is obtained
when, for multi-loop circuit, all of the local mass flows satisfy the pressure drop
balance requirements of the Equation 4.2, as applied to each loop. The determi-
nation of the individual pressure drop terms in Equation 4.2 will be shown in the

following sections.

4.3.1 Calculation of the Hydraulic Resistance of the Down-
comers

Since the fluid flow in the downcomers is single-phase water, AP; can be

determined by the following equation:
L 12
AP; = (/\Z +3> €r)—5-p (4.4)

where A and £y are the frictional coefficient and minor loss coefficients, L and d
are the length and inner diameter of the tube section, and V is the inlet water

velocity in the downcomers.

1
4 [log(37R)]

A (4.5)

where A is the roughness of tube wall: for carbon steel and low alloy steel A = 0.06.

The determinations of the minor loss coefficients, &ar, can be found in (Kakacg,
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1991).

4.3.2 Determination of the Density of the Steam-Water
Mixture

The two-phase mixture density can be expressed as follows:

Pm=apg+(1l—a)p (4.6)

where p, and p; are the saturation densities of steam and water; « is the local void

fraction defined as

1
o= =73 (4.7)
1+5(—5—)
where S is the slip ratio which can be calculated as follows:
0.4 + 3 P
S=1+ HE (1—52—1) (4.8)
where P is the absolute pressure, and 3 is the flow volumetric quality.
1
(4.9)

B —
1+ (z-1)5

where z is the steam mass quality of the two-phase mixture.

4.3.3 Calculation of the Hydraulic Resistance of the Ris-
ers

For a boiler with nonsteaming economizers, the state of water entering the

risers is subcooled. When the subcooled water enters the risers, it has to be heated
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to the boiling point. The amount of heat required to bring the subcooled water to

saturation liquid state can be determined by the following:

Qec =W % (hf ~ hgc) (4.10)

where Q.. is the amount of heat required for bringing the subcooled water to sat-
uration liquid state;; W. is the total mass flow: and h; and hg4 are the saturation
liquid enthalpy and the subcooled water enthalpy from the downcomers, respec-
tively. The height occupied by the subcooled water can then be determined by the
ratio of heat absorption between the economizer section and the entire tubes, and

it can be expressed as:

H, = QECQ* il (4.11)

where H,. and H are the height of the economizer section and the entire riser; and
Q is the total heat absorption from the risers. For convective generation bank, the

total heat absorption is calculated as:

Q= Wi, Cpfg(T!i - T,) (4.12)

where W, is the mass flow of the flue gas: Gy, is the heat capacity of the flue

gas; and Ty; and Ty, are the inlet and exit flue gas temperature, respectively. For
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individual water walls, it is calculated as:

Q = Quuw (4.13)

where Q,,, is the heat flux inside the furnace and A,, is the projected heat transfer

area. The heat flux inside the furnace can be calculated as:

Quu = H;"‘” (4.14)
ATt

where H,. is the radiant heat from combustion and A7 is the total projected heat

transfer area. The steam generated can be determined by the following:

_(Q = Q) (4.15)

Wy = e _ec)

hgq
where 117 is the steam generation rate: hy, is the heat of evaporation. Then, the
exit steam quality is equal to

W

= — 4.1
T= 1 (4.16)

It will be used later to calculate two-phase frictional corrective factor and steam
volume quality.

The hydraulic resistance of the evaporating portion of the risers, AP,,, is

Ley, V2 Te P 172 P
- 2 yZevy o Ze B MR L
Poy = () Ear+93,) =) 5e(1+3 (pg D]+ p[1+re(pg 1)] (4.17)
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where £,¢ is the coefficient of minor losses for the steam-water mixture: L., is the
length of the evaporating portion of the riser: z, is the exit steam quality; &, is
the loss coefficient of the tube exit; and ®%, is the two-phase frictional corrective
coefficient. 7, = 1.0 when pV" = 1000kg/m3. For other cases, &%, can be obtained
from the following equations:

when pV" < 1000kg/m?s

= =\ (1000
1+5:(%—1) '

P, =1+
when pl” > 1000kg/m?s

21—z (0 -1 4

o2 =1+ (4.19)
° —F) (PL -
1+(1-1%) (pg 1)
Then, the total hydraulic resistance of the risers is
AP, = APy + AP, e + APy + APypo (4.20)

where AP,;; and AP, are the unheated section of the risers: AP,. and AP,, are
the economizer and evaporating sections of the risers, respectively. The hydraulic
resistances of the unheated sections of the risers are calculated using Equations

4.4 or 4.17 depending on the fluid’s state in the unheated sections.
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4.3.4 Calculation of the Hydraulic Resistance of the Steam-
Water Separator

The evaluation of the hydraulic resistance of the steam-water separator is

similar to that of evaluating other hydraulic resistances and its expression is:

AP, = Kx—sipm (4.21)
where AP, is the hydraulic resistance of the steam-water separator; K is the
design loss constant: 15, is the velocity of the steam-water mixture flow in the
separator: and pp, is the steam-water mixture density. There is one unknown in
Equation 4.21, which is K. Since this is a design parameter of the separator for this
particular utility boiler, it is obtained by trial and error until the desired operating
condition is obtained. The steam-water mixture density can be evaluated using

the average exit steam quality from all risers sections.

4.4 Numerical Approach for Solving the Steady-
State Model

The circulation calculation as suggested by Kackag involves a graphical so-
lution which is outlined below. For a simple circuit (all risers have similar geomet-
rical characteristics), a range of inlet velocities is selected and the corresponding

local mass flow rates can be calculated using

W = prod (4.22)
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Then, curves for Y3 = f(W) and Y; = f(I¥") can be established and the intersection
of the two curves determines the operating point or the total circulation rate of the
circuit. For multi-loop circuit, several Y, curves are obtained and the operating
point is determined differently. A new total Y; curve is established by adding up the
mass flow rate of each loop Yr curve at a fixed pressure drop. The intersection of
the new ¥ and ¥} curves is the operating point of the circulation circuit. Figure 4.1
and 4.2 show the circulation characteristic curves of a simple and complex circuits
respectively.

Obviously, graphical method is not able to give rigorous numerical values.
Therefore, development of numerical schemes to solve Equation 4.2 is necessary.
First, in order to quickly check the results of Equation 4.2, bisection algorithm
was employed. Although this method is slow, it certainly calculates the answer
correctly. In addition, other numerical schemes, such as secant, Newton and regular
falsi have been investigated to improve the speed of the simulations. However,
they all fail to solve the equation due to poor region of attraction. Hence the
bisection method is employed to solve the equation and its implementaion is shown
in Figure 4.3. The general idea of the bisection method is to find a pressure
drop at which the corresponding circulation rate satisfies Equation 4.2. Several
parameters, such as the feedwater temperature, the flue gas mass flow, the heat
input to the furnace wall, the entrance and exit flue gas temperature of the boiler
bank, and the dimensions of all tubes, are set before implementing the scheme.
In additions, two initial values, ¥; and Y3, which are the upper and lower bound
pressure drop, are selected. The upper bound value can be the static pressure drop
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of the downcomers and the lower bound value can be any reasonable value larger
than zero. The range of the bound is bisected and a new pressure drop, Y, is used
to calculate the local mass flow at different risers sections and the downcomers.
The risers of the utility boiler are divided into six sections, namely the boiler bank,
three side walls, the rear wall and the front wall. The six local mass flow rates are
calculated according to the pressure drop, Y. The strategy for solving the local
mass flow, which also employs bisection numerical method, is shown in Figure 4.4.
Similarly, a range of circulation velocities is selected and bisected. The bisected
value is then used to calculate the local pressure drop at individual riser sections.
If the difference between the local pressure drop at a corresponding mass flow and
the bisected pressure drop, Y is less than a tolerance, the local circulation mass
flow is obtained. Otherwise, if the local pressure drop is larger than the bisected
one, the circulation velocity is set to be the new upper bound value, which will
be used to bisect a new velocity with the old lower bound velocity. A reverse
procedure is used when the local pressure drop is less than the bisected one. Total
circulation rate, obtained by summing all local mass flow, is compared with the
corresponding flow in downcomers. If the difference is smaller than a tolerance, the
operating circulation flow is obtained. However, if the condition does not match,
a new pressure drop is established. If the total flow rate of the risers is higher
than that of the downcomers, the upper bound is set to be the previous bisected
pressure drop value and a new pressure drop value is obtained by bisecting the
new upper and the old lower bound values. The vice versa conditions are set if
the total flow rate of the risers is lower than that of the downcomers. Once the

47



total circulation rate is obtained, it is compared with the previous result. If the
difference between the two values is small, operating circulation rate is obtained. If
not, the total circulation rate is used to establish a new enthalpy of the subcooled

water entering the risers and another run is implemented.

4.5 Results and Discussions of the Steady-State
Model

The simulated results of the steady-state model, which were evaluated at
94.5 kg/s steam generation load, are shown in Table 4.1. There are two sets of
operating conditions from the study reports of Syncrude Canada Limited to test
the model and their parameters are shown in Table 4.2. The radiant heat to the
water walls is evaluated by combustion calculation as suggested by Kakac et.al.
(Kakag, 1991). The details of the calculations can be found in Chiu(Chiu, 1996).
The simulated steam generation rate for Case 1 and 2 is 94.0 and 91.0 kg/s,
respectively. The discrepancy between the designed and simulated steam load for
Case 1 and 2 is 0.5% and 3.7%, respectively. The circulation ratio discrepancy
for both cases is 0.7%. One point that must be emphasized is that the circulation
ratio is a parameter set at design stage according to the operating pressure and
steam load of the designed boiler. The selection of this parameter is to provide
a guide line to size the number and diameter of tubes. At different operating
conditions this parameter may vary slightly from the designed value. Therefore,
the percentage discrepancy of the simulated circulation ratio is acceptable. In

addition, the agreement of the simulated circulation ratio reflects the correct loss
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Figure 4.3: The flow chart of calculating the total circulation rate using bisection
method.
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coefficients used in evaluating pressure-drop terms in Equation 4.2.

The simulated results of the individual steam generation and circulation
rate of each risers section are also shown in Table 4.1. It is found that the circu-
lation ratio of individual section is not equal to 13.5, whereas the total circulation
ratio is in agreement with the design value. However, the results can be justified
according to their geometric arrangement. The three side walls are connected to
the mud drum and steam drum through distributed headers which add significant
hydraulic resistances to the circuit and this implies that the circulation rate would
be restricted or probably less than others for the same flow areas. On the other
hand, both rear and front walls are directly connected to the mud drum and the
steam drum which indicates that the hvdraulic resistances of these two sections
would be less than those having distributed headers for the same flow areas. From
the above considerations, one could deduce that the three side walls would have
lower circulation rate than that of the front and rear water walls. This observation
is shown in the simulated results. In addition, it is important to ensure that the
circulation ratio at each individual section is not less than or equal to unity under
normal operating conditions because it indicates whether the circulation circuit
has undergone high quality steam generation which might lead to boiling crisis,
such as sudden increase in tube wall temperature. Since there are no data available

for local circulation rate, the simulated results cannot be completely validated.
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Case 1 Case 2
Item Steam Flow | Total Mass Flow | Steam Flow | Total Mass Flow
Units kg/s kg/s
Boiler Bank 26.3 565.9 30.7 592.5
Front Side Wall 8.5 24.7 7.7 29.4
Middle Side Wall 8.9 38.0 8.1 39.6
Rear Side Wall 9.2 58.6 8.3 57.4
Rear Wall 11.8 224 .4 10.5 189.1
Front Wall 29.2 366.3 25.7 333.6
Total 94.0 1277.8 91.0 1241.6

Table 4.1: Steam and circulation flow at individual circuitry of the steady-state
model.

[tem Case 1 | Case 2
Heat to the Water Walls (117) 1.18e8 | 1.10e8
Fuel Consumption Rate (kg/s) 6.3 6.1
Flue Gas Entering Boiler Bank (°C) 882.2 | 932.2
Flue Gas Leaving Boiler Bank (°C) 392.2 | 3339
Feedwater Temperature to Steam Drum (°C) | 212.2 | 183.9
Steam Drum Pressure (M Pa) 7.2 7.2

Table 4.2: Parameters used to simulate the steady-state model at peak load con-
ditions.

Item Design | Case 1 | Case 2
Steam Flow 94.5 95.5 93.9
Total Circulation Flow | 1275.8 | 1277.8 | 1241.6
Circulation Ration 13.5 13.6 13.6

Table 4.3: Simulation results of the steady-state model at peak load conditions.




4.6 The Transient Natural-Circulation Model

The failure of the steady-state natural-circulation model to calculate the
results efficiently prompts a new direction to solve the problem, which is the tran-
sient natural- ciculation model. The derivation of the transient natural-circulation
model is based on Equation 4.2, balancing the pressure drop between downcomers
and risers plus the dynamic acceleration term. The transient momentum equations

describing the fluid in the downcomers and risers are as follows, respectively:

dv
“pdhdd—td = Pma — Psg — pahag + AFy (4.23)

d i
pihimt = Pra—Pu—pihig = 5 APy (4.24)

where the subscript { in Equation 4.24 denotes individual riser section. Other

variables can be referred to Section 4.3.

Combining Equations 4.23 and 4.24 the derivative of the local mass flow

with respect to time can be obtained as

ha dWy
Ag dt

dil; A
- = [ pahag — pihig ~ APy =Y _ AP, —

.7 (4.25)

where A4; and Ay are the total cross sectional area of a riser section and downcomers:
pi and py are the average densities in the risers and downcomers; h; and hy are
the height of the risers and downcomers: and -a—-ldW' and ‘%I—i are the derivative

! t t

of local and total mass flow with respect to time of the risers and downcomers,

respectively. The hydraulic resistances, AP; and ¥ AP,;, are determined using
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the same equations mentioned in Section 4.3.

4.7 Numerical Approach for Solving the Tran-
sient Model

Matlab/Simulink is employed to simulate the transient circulation model
and its block diagrams are shown in Appendix A. The structure of the Simulink
block diagrams for this transient model is hierarchical. It consists of three layers
of block diagrams and each layer is hierarchically linked. The top layer shows the
input parameters to the model and allows the output parameters to be saved at
workspace or displayed using graphical device in Simulink. The second layer is the
expanded form of the block called “Risers”. The input parameters to the block
“Risers™ are distributed to six different blocks in the second laver. The six blocks
are linked to the third layer which contains the Matlab script files from which
the steam generation rate and derivative of mass circulation rate with respect to
time are calculated. These two results are linked back to and shown in the top
layer for ease of display and organization. Although this model is for independent
simulation for the 'steam generation section, it will be incorporated with the rest
of the boiler model which includes the furnace, superheaters, steam drums and
economizer from the works of Chiu (Chiu, 1996).

Since the steam-generation model is only part of the boiler model, pa-
rameters such as heat transfer rate to water walls, Hy,, flue gas flow rate, My,
temperature difference across the generation bank, AT, feedwater temperature to

steam drum, Ty, and fuel consumption rate, my, are required. Most of the pa-



rameters are obtained from data specification sheet provided by SCL. Others, such
as heat transfer rate to water walls and flue gas flow rate are obtained from the
combustion simulation of the furnace by Chiu (Chiu, 1996).

With a set of initial conditions, the six Equations 4.25 of the corresponding
riser sections are integrated using Gear numerical scheme and the sum of the
local mass flow will then be the total circulation flow in the circuit. Among the
numerical integration schemes available in Simulink, such as Runge-Kutta, Euler,
Adam and Gear, the Gear method is selected because of its stability to deal with
stiff differential equations. The advantage of Gear method is its capability to
adjust the step size to accomodate stiff system. The methods for evaluating the
hvdraulic resistances and densities in Equation 4.23. and the steam generation rate
are the same as explained in steady-state model. The total circulation rate is then
numerically differentiated with respect to time and fedback as the value of d;—‘t-'i is

fedback for the calculations of the following step.

4.8 Results and Discussions of the Transient Model

Because of the limited availability of data, an extensive validation of this in-
dependent transient model is not possible. In fact, no data on transient circulation
flows for the boilers being modeled are available; therefore, the validation of this
independent model is limited to steady state comparison only. At this stage, one
of the main reasons for the development of the transient model is achieved. The
speed of simulations has improved significantly compared to that of the steady-

state model. The iterative calculations required for steady-state solution have
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Case 1 Case 2
Item Steam Flow LTotal Mass Flow | Steam Flowj Total Mass Flow
Units kg/s kg/s
Boiler Bank 25.4 623.3 28.4 650.5
Front Side Wall 7.9 40.4 7.5 40.4
Middle Side Wall 8.5 43.5 8.0 43.8
Rear Side Wall 8.9 64.2 8.4 63.6
Rear Wall 9.7 136.9 9.2 126.6
Front Wall 30.0 322.3 28.0 314.6
Total 90.3 1230.7 89.5 1239.5

Item Design | Case 1 | Case 2
Steam Flow 94.5 95.9 95.7
Total Circulation Flow | 1275.8 | 1230.7 | 1239.5
Circulation Ration 13.5 13.6 13.8

Table 4.4: Steam and circulation flow at individual circuitry of the transient model.

Table 4.5: Simulation results of the transient model at peak load conditions.

been spread out over time, achieving both dynamics and algorithmic efficiency.
The same cases from Table 4.2 for testing the steadv-state model is used by this
transient model. The results are shown in Table 4.4 and 4.5. The discrepancy
between the designed steam generation rate and the simulated results is 4.4% and
5.3% for Case 1 and 2, respectively. The circulation ratio is 13.6 and 13.8 for Case
1 and 2, respectively. As explained in previous section, the circulation ratio is a
value set at design stage for sizing tubes. The discrepancy between the designed
and the simulated value is 0.7% and 2.2% for Case 1 and 2, respectively. The
agreement of the simulated circulation ratio reflects salutary operation of all risers
sections at designed operating conditions.

In addition, this transient model is incorporated with the rest of the boiler

components into an interconnected system and the simulated performance of the

-1
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boiler is examined by Chiu (Chiu, 1996). For testing the operations of the boiler,
control schemes have to be incoporated for regulating the firing rate and the feed-
water flow rate. The simulation was set up for running the whole boiler for 14000
seconds. A step increase of 10% of the nominal load, 94.5kg/s, was added at 2000
s. Afterwards, two step decreases of the steam load demand of the same magnitude
as step increase were added at 5000 s and 8000 s. Finally, the steam demand was
returned to nominal value at 11000 s, allowing the steam generation to settle at
steady state again.

Figure 4.5 and 4.6 show the steam load demand or the input to the boiler.
The overall performance of the circulation circuit is satisfactory and stable in
the system including the other boiler components. The circulation ratio and the
steam quality shown in Figure 4.19 and 4.20 further provide a solid support for the
salutary operations of the circulation circuit. With the step up of steam demand
the firing rate will increase to meet the demand and likewise the steam quality.
The opposite responses are observed for the step down situation. Once again,
the circulation ratio for other operating conditions is not exactly equal to 13.5
because the inverse of the circulation ratio is the steam quality generated. In other
words, operating the boiler at other conditions than the designed one should not
generate the same steam quality. From Figure 4.7 to 4.18 the steam generation and
circulation rate of individual risers section are plotted. One particular observation
is made for the three side walls. As the steam demand is increased from 94.5kg/s to
103.9kg/s, the local circulation rate of each side wall decreases while other circuits’

circulation increases. This is one important characteristic of natural circulation

38



that the circulation rate will not unrestrictedly increase as the heat input increases
as mentioned in Section 4.2. Therefore, one could predict that if the steam demand
is higher than 103.9kg/s, the excess heat may cause a boiling crisis, such as tube
melting, because of a lack of circulating water in certain risers to maintain the
tube metal temperature. Otherwise, all risers sections perform well at and below

nominal operating conditions as simulated.

4.9 Conclusion

Natural circulation for steam generation is widely adopted for subcritical
pressure operating boilers. The circulation flow is initiated when the mean density
difference between the downcomers and risers produces sufficient pumping head to
overcome the hydraulic resistances along the circulation path. The steady-state
natural-circulation model from Kackag is used to study the steady-state character-
istics of the steam generation circuits. In addition, it also serves as a measure stick
or guideline for the development of the transient circulation model which is vali-
dated independently using data from SCL's reports. The results of the validation
for the independent transient model are in agreement with the specification data.
With two specified heat inputs to water walls and generation bank at designed
steam generation, 94.5kg/s, the steam generation rate is 4.4% and 5.3% off the
designed value. In addition, the simulated circulation ratio of 13.6 and 13.8 reflects

the proper operations of the model.
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The transient circulation model is incorporated with the remaining submod-
els developed by Chiu(Chiu, 1996) and the simulated performance of the boiler is
examined. The whole circuit is capable of generating steam in accordance with the
demanded steam load; however, the local circulation rate of the three side walls
would not be maintained because, at that amount of heat input, the increase of
pressure losses in the water walls do not correspond to the increase in pressure
differential. Therefore, the utility boiler should not be operated at the steam load

larger than the designed value, 94.5kg/s, or attention has to be paid. s
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Chapter 5

The Hydraulic Flow Network
Model

5.1 Introduction

A detailed natural-circulation model can be developed to further study the
transient phenomena of the circuit. The simulation requires numerical integration
of equations which account for the mass, energy and momentum of the working
fluid. Implicit finite difference simulation is one of the approaches to do the work.
However, because of the physical geometry of the circulation circuit, extensive
discretization and programming are needed. The hydraulic network approach is
employed to study the transient circulation. In addition, the implicit numerical
integration method by Porsching et.al. (Porsching et al., 1971) is recommended
because of its advantage in treating complex hydraulic flow networks. This chapter
will explain the hydraulic network approach using the generation bank section as
an example to study the transient behavior of the natural circulation circuit. The

development of the hydraulic network model will also be shown.
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5.2 Basic Principles

The basic geometric ingredients of a hydraulic network are nodes and links
as illustrated in Figure 5.1. There are two kinds of links, namely, non-critical and
critical. Figure 5.1 shows an example of a noncritical link k with node i as initial
node and node j as terminal node. This assignment determines the direction of
positive flow from node i to node j. Physically, a noncritical link corresponds to a
flowpath in which the flow is governed by a one-dimensional momentum balance

equation of the form:

Wi = felt, P, P;, Ti%) (5.1)

where 117} is the flowrate in the link: P; and P; are the pressures at the initial and
terminal nodes of the link respectively: and t is time. The function f; is generally
nonlinear in its four arguments.

Critical link is geometrically similar to noncritical link except it does not
have a terminal node. Figure 5.2 shows an example of a critical link k with node

i as initial node.

Figure 5.1: A noncritical link.
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Figure 5.2: A critical link.

The flow in a critical link is determined by an algebraic function

Wi = g(F;) (5.2)

Thus, the flow depends only on the pressure at the initial node of the link. This
happens when leakage takes place at the end of the link or the link flow is inde-
pendent of its terminal node conditions, for example simulation of a choked flow
condition.

A node in a network can be associated with a finite number of noncritical
and critical links which may either initiate from or terminate at the node. Thus,
a node ¢ is associated with two index sets, T; and I;. The set T; is the set of links
for which 7 is the terminal node and I; is the set of links for which 7 is the initial
node.

Conditions of the node are governed by the mass and energy conservation
equations which are coupled to the momentum equation in association with the
equation of state of the form

P, = wn(Ly, M) (5.3)
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where U; and A, are the internal energy and mass of the fluid in node i. The

energy and mass equations are as follow:

Ui = Y HW, -3 HW, - Y H)g.(P)+Q: (5.4)
veT; vel; vel.;

My = YW, -3 W, -3 ¢(P) (5.5)
veT; vel; vel,;

In these equations, U; and M; denote the change in internal energy and mass of the
fluid in node ¢ with respect to time, Q; is a time-dependent heat source, H, and
H; are prescribed time-dependent enthalpies, and W', is prescribed time-dependent

mass flow. The expression g,(P) denotes the function describing the critical flow.

5.3 The Implicit Integration Method for the Hy-
drodynamic Network System

Let y =col[ Wy,..., Wk, U4,...,Un My,..., My ) and F =col[ Fy,. ..,
Fgion |, where the components F; are the right-hand sides of Equations 5.1, 5.4
and 5.5. The K and N are the number of links and nodes respectively. Then these

equations can be written in vector form as

y=F(y) (5.6)

The approximate solution y**2! may be computed by the formula

[T— At J(t",y") ] Ay™*! = At F(i*, y") (5.7)



where Ay™*! = y**! — 4" J(t*,y") is the Jacobian matrix of the transformation
of F(t",y"): I is the identity matrix: At is the time step: and n is time. The
determination of y**! amounts for the determination of the increment Ay™+!.
Let a system contain N nodes and K links with energy and mass balance
equations of the form of Equations 5.4 and 5.5 for each node. For each i, there are
K + 1 energy equations and K +n + ¢ mass equations of the form of Equation 5.7.

Linearization of Equations 5.4 and 5.5 results in:

AUTH! — At Z H AWM L At Y H AR
Il

. vn+1 . n+1
+At{§H ap”av ) AU} ZH aM)AM }
an n n -
—At =— o = At Fraa(t™9%) (5.8)
and,
AMPH - At ZAI-V;‘“ + At ZAW:“
P rn+l n+1
+At{Z( aU)AD +Z (611)AM }
= At Fx+.-( Y (5.9)

Solving Equations 5.8 and 5.9 for AUT*! and AM?*!, it is found that

AUTH = At [y + S (o + 3uH,) AW
veT;



=Y (a1 + 3u.H) ARTH (5.10)

vel;
v<K

AA{[?'H = At [ Yoi + Z (agi + 321H,,) AH':.H

veT;
- Z(Qgi + Bo:H}) AH"';"“ ] (5.11)
oy
where
At 9P, ag,,
o = -5 g T 5%
u>h
dP; ag,,
I = (1+Ata‘[ Z / D;
v>l\
i = Su Frei(t" y") + a1 Fren+i(t", y")
a - agl/ .
Qo = (1+At BL', ;HV 6P /D,
v>K
At OF; Bg,,
= Do Z
u>i\
Yo = Qz Fransi(t™ y") + i Frai(t™ y")
_ aP Bg,, agu
Di = (1+At oo Z:; ap)(HA’ aL, ; v 3P
u>l\ u)K
oP; ag,, ag,,
e 2 =
MGG 2 aR) 6M - 2 H 55
u>i\ u>K

Then the K momentum equations of the form in Equation 5.16 becomes

0 fk 213 9fi

_ 4l _ +1 m+l
(1= At ) AWEH = At [ o AUT* + 222 AL
afk n+1 afk n+l 7 n
o MM+ g AMTT ] = AR (5.12)
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Upon eliminating the AUT*', AUT*', AMP*! and AM]™*! using Equations 5.10
and 5.11 from Equation 5.12, there results a reduced system of K equations con-
sisting of only the unknown flowrate increments. The system is written in vector

form as

AAW™ = 7 (5.13)

where

4 = [aw)]
AW = ol AWTHL L AR

Z = colz1,...,2x ]

The elements in the column vector Z are described by

afk ” afk . 8fx | Ofk
M AR T VATV

o = At Fk( 2 Y )+Af2 [ Y2; ] (514)

and A is a K x K matrix and its elements a;, are given by

= 1-At gfi - At? [ = Ofe (01 + BjHe) +

Tk EIiA au; aM (a2; + BoHi)
0fy 6f
3UL (oui + BiiHy) — 31\; (oo + BaiHj) ] (5.15)

and if v # k,

~]
ot



~A? [ 5 (@i + Bul) + BfE (o + BufL) ]
fveT, vl
[%ﬁ (i + BuHy) +§ﬁ—_ (02 + BaH}) |
fvel vegT;,
AP [t (o + 8uH) + i (0o + By
ifveT), vl
A#? 3{—(% + 3,H: +mfr(% + 3yH;) |
Ay = ifrel,veT,
—-A? [g# (ay + 3uA, +57ér (a2 + 3xH,)
—a-é? (a1 + 8yH;) - gﬁ; (aj + B2;47) |
ifvrel,veT,
—A¢? [3{—(01] + 4;H, +B76‘ (@2; + O9;H,)
= G (@i + 3a) — B (oo + SuH) )

ifvel,veT;

N

At

0 otherwise.

Depending upon the geometric arrangement of a hydraulic network, the A
matrix can be of different structure. For the network shown in Figure 5.3, the A
matrix would have the structure shown in Figure 5.4. The character z denotes the

only possible nonzero elements of A.
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r z 0 0 0 0 0 z =z

Figure 5.4: The structure of the A matrix corresponding to the example network.



5.4 Derivation of the Hydraulic Network’s For-
mulations

In the previous section, the derivation of the implicit integration method
was explained. However, the detailed descriptions of the formulations mentioned
have not been accomplished. This section will show the derivation of the formula-
tions required for the development of the hydraulic network model.

The momentum balance equation that appeared in form of Equation 5.1 is

. A fele o 0 9 A% W%
& - 2z P, - P; - R c —_— i
v I { P —[{ B, +Ki ) 6 O] 20 30 +Epi g
W’kQ ! !
Az

where A;, Ly and D; are the area, length, and diameter of a link k: P, and P;
are the pressure at node i and j: f;, K, ¢2, and ; are the friction factor, fitting
loss, Martinelli-Nelson two-phase flow multiplier and two-phase flow dependent
multiplier: p is the local average, saturation liquid and saturation density; W7 is
the mass flow in the link k; Ej is the elevation change: ¢! and v; are the specific
volume of node ¢ and j respectively.

The friction factor, fi, can be calculated iteratively using Colebrook equa-

tion
1 € 2.51

= —(.86856 ln[ 3 7-D—+ E_\/T—_]
. k e k

\/1—7—5 (5.17)

where 5: is the relative roughness inside the tube, and R, is the Reynold number.

However, the iterative evaluation of f at each time step is too time consuming
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and a simpler form which requires no iteration in f; is used

1.1

The detailed evaluation of the numerical values in Equation 5.18 can be found in
(de Nevers, 1991). The single phase friction loss is corrected by the two-phase flow
multiplier, ¢%, which is given in Chapter 2. The effective specific volume for slip

model of each node is calculated as follow:

z? (1-1)?
d = 5.1
© ap, - (1—a)py (5:19)

where r is mass quality, « is local void fraction, and pg and p; are the vapor and
liquid saturation densities.

The momentum equation is differentiated with respect to mass flow, (g-[%) .

UM

internal energy, (%{t) , and nodal mass, (g%) , as appearing in Equa-
WA R

tion 5.14 and 5.15. The formulations of each derivative are as follows:

9F _ Ae [ (fLe 06 WilWi [ fili) [Wild}
GW,, UM Lk Dk 3I’Vk 2pf.4% Dk pzA%

Ofc Lyd? [Will% 2Wk , |, 4

—GWk D oAl + T (‘Ui—‘bj)} (5.20)

where

9% _ 1 . o Pt 0.824
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Ofk - D WiDp _ 6 .
— = =0.715 —=)t .22
oW P Ak ( P A (5.22)

Equation 5.21 is based on Equation 3.6 in Chapter 3. The partial derivative

term, aaé" can be obtained as

dq 1.36 x 10719 — 6.7 x 10~12P; (G/10%) < 0.7

9G —87.56 (10°/G?) — 1.419P (10%/G?): (G/10°) > 0.7

and
d k) JF, OP;
YTy = o= (5.23)
(aLi war 9F; oL,
oF; _ OF, 0P; _
<6U1)W.M B an EL?J (3.24)
dF; _ OF 0P .
(3),e = 37 31 >:29)
BFk) O0F; OP;
= — 5.26
(aM, we 8P, B, (5.26)
where
3Fk .-'lk kak 30,% II'Vk“/Vk W,? v}
—_— = — (1- — 4+ K i
(6Pi)w,u L { [(Dk " k) OPF; | 20543 " A} oPR
6Fk) Ag { H"‘? aU;}
_— = — {—14+ ——L 5.27
(aP,. v Lk AZ 5P, (5.27)

For single phase, (%)w . and (%) can be expressed as 7%7 (%—B)
: WU p

u

and Tl. (%—g) , respectively. The evaluation of the two partial derivatives require

u

to use Helmholtz function and partial derivative transformation relationships. The
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former partial derivative can be experessed as:

1 (0P 1 oP oP or -
Y, LG e

It can then be expanded as the following:

1 (6P\ _ 1 ,(8P\ (dp dP\ (dp\ (0T
w(5), -7 (5), &), - 7). &), &), e

and the latter can be expressed as the following:

1 /6P 1 oP oP oT
T (ézl =7 (%)T * (‘é‘f),, (Ta‘p‘)ﬂ } (5:30)

and the term (%T—) _can be evaluated using triple product rule:

oT ou op\ _ _
(%),-, (?a‘ff),, (%)T = (5-31)

or

ory _~ (%),
(%),—1 = @Tﬁ—)— (5.32)
0

With the expanded form of Equations 5.28 and 5.30, Helmholtz function can
be utilized to evaluate the partial derivatives appeared in the above expressions.
Helmholtz function, expressed as a function of density and temperature, is com-
monly adopted to construct steam table due to its accuracy and simplicity in

estimating pressure, enthalpy, internal energy and entropy. Its expression is as
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follows:

v=v%(T)+ RT [Inp + pQ(p,7) | (5.33)
where
6 .
¢O=Z%+C7IDT+CSIH§‘ (5'34)
i=1
and

7 8 , 10 .
Q=(r—7)d (T =72 [ S Aij(p— paj) ™" + 7 FF > Aiip ] (5.35)

j=1 i=1 =9

The coefficients of the function can be found in (Keenan et al., 1969). The basic

relations for determining values of pressure and specific internal energy are as

follows:
ov
_ 2 [9¥ -
P=p (ap), (5.36)
or
P = pRT [1 +pQ + p? (%%—) ] (5.37)
. |0(uT)
U= [ e ] (5.38)
p
or
._ 8Q\ | du,r
= RTpr (B—T>p + I (5.39)
where

aQ 4 [ .
(-) = (T=7)) (T—1y) 72 [Z Aii(i = 1)(p = poiy?
Op ). j=1 =2
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(=),

10
Ee Er Z .4ijpi"9 + e-EpAle] (5.40)

=9

7 8 ) 10 i
PG )t [Z Ai(p = poj) ™ +e7E YD -41'1‘”’—9]
i=1

=1 =9

7 8
+ =) L~ D = ) [2 Ao = pog)™!

=1 =1
10 .
+ e-EPZA,-jp'-g] (5.41)
=9
dwaT dwo -
e w,,+rd7_ (5.42)
where
d ..
2=3C ( ) (C~+2C8) (5.43)

=2

Therefore, by differentiating the expressions of pressure and specific internal energy

with respect to appropriate thermodynamic properties, all terms in Equations 5.29

and 5.30 can be evaluated and their expressions are as follows:

(%).-

RT [1+pQ+p (g‘j)]
0Q oQ
o= () n(5)

&7 9p {(gf),}r]
wr (3) +rrer (%) |

(5.44)

(5.45)
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di\ 9 [BY,r 0 ][aQ <
(), (B rmn{(R)) oo

where

5 P 7 - ) 8 ) .
dp [(‘ag)p] - (= 2)r =)~ [ 2 Ayli —1)(p~ )™

=2

10
-  Ee7ErY AT+ e‘E"ij]
=9

7 8
+  (T—7) D (G2 —y) 3 [Z-‘lij(i —1) (p— paj)’?

j=1 =2

10
- EeErYy 4070 + e‘E”.-le] (5.47)

=9

j=1

8 (/3 -1000\ [ & =
a_T’{(a_?),,} - Y- ) —3( )[Z:A,-,» (p — paj)i™

: —1000Y\
+ C-Epz.'lijpl-g] + ( T2 ) Z J - 2 (T - TaJ)J

=9 1=I

[Z Aij(p = poj) ! E"Z Aijp' g]

=1 =9

7 -,
+ (r—rc)z(j—2>u-3)<r—nj)i-“( =)

[Z Aij(p — paj) 1 T+ Epz ‘hJP ] (5.48)

i=1 1=9

For two-phase region, Helmholtz function cannot be used for evaluating the
partial derivatives because it is derived to obtain thermodynamic properties at
single-phase regions and on saturation line only. Therefore, small perturbation at

a specific pressure with respect to specific internal energy or density is used to

evaluate 11-[ (%E-) and - (%ﬂ)u
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5.5 Determination of Pressure and Tempera-
ture at Nodes

The change of mass flow, AW™*! is obtained by Equation 5.13; and thus,
mass flow is calculated as follow:

Wt = AW L g (5.49)

Then, AU™*! and AM™*! can be evaluated using Equation 5.10 and 5.11, respec-
tively. Similarly, the internal energy and nodal mass are determined in the same

manner as mass flow:

o= AU 4T (5.50)
MY = AMMH 4 MM (5.51)

Once the internal energy and nodal mass are obtained, the density and specific

internal energy can be determined as follows:

M
P =T (5.52)
. U

These two intensive thermodynamic properties, p and i , are used to determine the
pressure and temperature of each node. The strategy for determining the pressure

and temperature are based on Figure 5.5 and 5.6 and are stated as follows:



For saturation liquid,

The pressure is:

For saturation vapor,

The pressure is:

For subcooled liquid,

p
The pressure is:

P

For superheated steam,

p

The pressure is:

P

> periticat and ﬁ=ﬁsatf(p)

= Pos(p) or P = Pyup(t)

< Peritical and i = asatf(p)

= Psatg(P) or P-‘:Psatg(ﬁ)

Periticat @and U > Usqaes(p)

Psatf(p) + (g—g) [{‘ - ﬁsatf(p)]
p

Peritical and 4> ﬁsatf(p)

P
Parg(p) + (g—a‘)p [@ - tLsatg(P)]
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For two-phase equilibrium mixture,

P > Periticat and U < Ugqrp(p)

P < Peoiticst aNd U < Ugasf(p)

The pressure is found by iterative procedure to satisfy the following equaitons:

p=(1- a)ﬂf(P) +ap9(P)

r l—aps
-z a pg

1

= (1—z)is(P)+ zuy(P)

5.6 Node-link Representation of the Hydraulic
Network Model

The generation bank used for this hydraulic network model consists of 874
tubes of risers and 933 tubes of downcomers. Its schematic diagram is shown in
Figure 5.7. One representative dimension of all risers and downcomers is used to
simplify the overall structure of the network model. In fact, it is ideal to divide the
downcomers and risers into rows according to their geometric arrangement; for ex-
ample, those have similar bending angle and length should be grouped. Figure 5.8
shows the node-link representation of Figure 5.7. The steam drum is divided into

two nodes: one is the liquid zone denoted as 0 and the other is the vapor and liquid
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Figure 5.5: The pressure-specific internal energyv diagram.
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Figure 5.6: The pressure-specific internal energy diagram.
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Number Link Node
Length | Diameter | Volume
m m? m3
0.27 0.056 14.1
5.87 0.056 1.24
5.97 0.056 25.6
0.37 0.056 1.67
0.38 0.056 12.6
3.11 0.056 1.63
5.45 0.056 11.7
3.11 0.056 11.7
0.38 0.056 1.63
- - 32.2

W] 00} 3 D] O )W)~ O

Table 5.1: Measurements of the length and diameter of the links and the volume
of the nodes.

zone denoted as 9. The number of nodes depends upon how detailed the operat-
ing information, such as pressure, steam quality and temperature is required. In
this case, the heated downcomers and risers are divided into three and four nodes.
respectively. The mud drum is the fifth node denoted as 4 in the diagram. With
ten nodes there are nine links denoted from O to 8. The length and area of each
link and the volume of each node are shown in Table 5.1. The volume of each node
of downcomers and risers is calculated by multiplying the number of tubes to the
volume of a single node. This will facilitate the calculations of heat transfer and

circulation rate in the circuit.

5.7 Heat Transfer Model for the Hydraulic Net-
work Model
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Figure 5.7: The schemetic diagram of the generation bank section.
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Figure 5.8: The node-link representation of the generation bank.
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The heat transfer model for the generation bank section adopts the log-mean
temperature difference (LMTD) modelling technique for a counter-flow heat ex-
changer. The generation bank of the utility boiler is actually an immense counter-
flow heat exchanger. Therefore, each node of the hydraulic network model is
treated as a counter-flow heat exchanger which has its local overall heat transfer
coefficient and temperature profile. Figure 5.8 shows the distributions of the heat

transfer model. The heat transfer from flue gas to water can be expressed as:

dT, 1 . -
dt — A[prw (H fngfg(Tfi - Tfo) - h,’A(Tw e n)) (504)
where
T, = tube wall temperature, A
T;; = inlet flue gas temperature, K.
Ty, = exit flue gas temperature, K.
T, = bulk temperature of water or steam-water mixture, K.
C,w = specific heat capacity of the tubes, ;—.
pw peci pacity u DYy
. ) k
Cpsy = specific heat capacity of the flue gas, vl
g
Al, = mass of the tubes, kg.
hi = convective heat transfer coefficient of water or steam-water mixture, oyl
m
A = heat transfer area, m?.
. k
Wiy = mass flow of flue gas, =,
s
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One assumption for Equation 5.54 is the neglect of lag due to conductive heat
transfer across the tube wall, which can be justified by the thin wall thickness.
Therefore, an average tube wall temperature is calculated. The local convective
heat transfer coefficient, h;, is evaluated depending upon the state of water inside
the tubes and the temperature difference between tube wall and bulk fluid. The
strategy for evaluating h; is showm in Figure 5.9 which is based on the forced
convective boiling heat transfer discussions in Chapter 3.

The determination of the exit flue gas temperature of each node uses LMTD

methods and its equations are as follows:

Tfo = Tﬁ -7 (Tﬁ - Twi) (555)

where

Ty, = exit flue gas temperature, K.

T;; = inlet flue gas temperature, K.

Twi = inlet water or steam-water mixture temperature, K.
n = efficiency of the heat exchanger.

The efficiency of the heat exchanger, 7, can be evaluated as follow:

1—-e"

(5.56)

77:
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T,-T,<00°C

No Heat Transfer to Water

If00°C<=T,-T,<50°C
Single-Phase Heat Transfer
Dittus-Boeiter Correlation

Equation 3.17

If50°C<=T,-T,
Incipience of Boiling
Bergles and Rohsenow
Equation 3.18

\ A

If0.0<=x<=0.05
Subcool Boiling
Thom Correlation
Equation 3 19

!
]

If0.05 <=x<=0.]
Nucleate Boiling
Thom and Chen Correlation
Equation 3.19 and 3.20

y

If0.1<x<1.0
Forced Convective Boiling
Chen Correlation
Equation 3.20

!
!
L4

Ifx=10
Single-Phase Heat Transfer
Dittus-Boelter Correlation

Equation 3.17

Figure 5.9: The flow diagram for determining the heat transfer coefficient.
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where

) k
Wyei = mass flow of water or steam-water mixture, _g-
S
. . . kJ
Crwi = specific heat capacity of water or steam-water mixture, 774
1 1
vy = U,A ( S p— )
° s 9Cpfg WuiC Duwi
where
U, = the local overall heat transfer coefficient, 5T
m2K
A = heat transfer areas, m>.

The local overall heat transfer coefficient, L7, is evaluated referring to the outer

surface heat transfer area, and its expression is:

1 T; r; T 1
—_— = ! _1.1 L -— 5.5
Lo roh-fg + k O8e T + h; (5.57)

where

r; = inner radius of a tube, m.
r, = outer radius of a tube, m.

h = heat transfer coefficient of the flue gas, —;—.
fs 82S: K



5.7.1 The Implicit Integration Method for the Heat Trans-
fer Model.

Using the same implicit integration scheme explained in previous section,
a system of heat transfer equations can be established to calculate the heat trans-
ferred from flue gas to water at each node. Let y = col[ Ty1,--.,Twn ] and
F = col[ Fy,...,Fy ] where F is the right hand side of Equation 5.54. These

equations can be written in vector form as:

y=F(t.y) (5.98)

The approximate solution may be calculated by the following formula:

[T — At J(t™y") ] Ay™t = At F(t",y") (5.59)

where Ay™+! = y™*! — y*: J(#*,y") is the Jacobian matrix of the transformation
of F(t",y"): I is the identity matrix: At is the time step: and n is time. The
determination of y"*! follows from the determination of the increment Ay™+t!.

The term [ I — At J(t",y") ] is a diagonal matrix denoted as B of terms

AtAh;

1+T_L—L
pw

heat transfer coefficient of the water or steam-water mixture. Then, the tube wall

where A; is the inner heat transfer area, and h; is the local convective

temperature can be calculated as:

AT = B-1At F(t", ") (5.60)
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5.8 The Programming Structure of the Hydraulic
Flow Network

The hydraulic flow network model adopts MATLAB as the operating plat-
form. Being interfaced with MATLARB, all algorithms are written using C language.
The flow diagram of the program is shown in Figure 5.10. A set of initial conditions
is selected before implementing the program. The parameters of the initial condi-
tions are used by “Update.c” to evaluate the 4 matrix and z; of Equation 5.13 from
which the AW™+! can be determined. The AW™+! is then used by “Calrhou.m”
to evaluate the mass flow, W*!, nodal density, p"*!, and specific internal energy,
u™*!, for the next step. The tube wall temperature for the next step is calculated
using parameters at present step by “CaldTw.c”. The state of each node, the
pressure and temperature, is determined by “CalPT.c” using density, p"*!, spe-
cific internal energy, a"*!, pressure, P", temperature, T". and state indicator, tbp™.
Note that the pressure and temperature calculated from “CalPT.c” are for next
step. The new pressure, P**!, density, p"*!, and state indicator, thp™t!, are used
to evaluate the quality, z"*!, of each node. With the next-step parameters, such
as P+l T PWPHL 2+l thp™t! the local convective heat transfer coefficient,
hT*!. can be determined by “Sethi.c” according to the conditions set in Figure 5.9.
The final step here is to evaluate the flue gas temperature using 77!, Wp+!, zn+!,
thp™+, W7F, P+ and TP. Wy, and Ty are the mass flow of flue gas and the flue
gas temperature at different locations, respectively. All the next-step parameters

are then fed back to “Update.c” for continuing the calculations mentioned above

97



until steady state or specified time span is reached.
The following section will explain the structure of each algorithm from
previous paragraph.

Update.c

The flow diagram of “Update.c” is shown in Figure 5.11. The specific
. : : coac : ‘i : oP oP
volume, quality, viscosity, specific enthalpy, void fraction, 3T and o are first
evaluated for each node using pressure, temperature, mass flow, nodal volume,
nodal mass, density, heat input, specific internal energy and state indicator at
present step. These parameters will then be used to evaluate the energy and mass
balance of each node: the single-phase friction factor, the two-phase correctional

.. 9f 0¢F . T

multiplier, oy ~ ETTA,:’ the momentum balance and its derivative with respect to
mass flow, 581%‘ of each link. With information of each node and link evaluated,
the A matrix and the column vector z; can be filled and passed to MATLAB at
which the ATW7*! will be evaluated using built-in Gaussian elimination algorithm.

Calrhou.m

This MATLAB script file functions to manipulate the incremental mass
flow, AW+, and specific enthalpy to evaluate the incremental internal energy,
AU™!, and nodal mass, AM™! of Equation 5.8 and 5.9, respectively. Then,
the internal energy and nodal mass; density and specific internal energy can be
evaluated using Equation 5.50, 5.51, 5.52 and 5.53, respectively. The density
and specific internal energy will be passed to MATLAB workspace and used by

the following subroutines.
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CaldTw.c

The flow diagram of “CaldTw.c” is shown in Figure 5.12. This algorithm
is to evaluate the incremental tube wall temperature using the method discussed
in Section 5.7.1. The B matrix and the column vector containing the right side of
Equation 5.54 are passed to MATLAB at which the incremental tube wall tem-
perature, AT2?*!  will be evaluated using Gaussian elimination algorithm.

Calx.c

This short algorithm is to determine the steam quality of each node using
pressure, density and state indicator at next-step. The flow diagram is shown in
Figure 5.13.

CalPT.c

This algorithm is to evaluate the state of each node, pressure and temper-
ature, using two intensive thermodynamic properties, density and specific internal
energy. The pressure and temperature from pervious step will serve as an initial
guess to Newton numerical scheme to evaluate the state at single and two-phase
regions. The strategy mentioned in Section 5.5 will be used to determine the pres-
sure, temperature, and state indicator which will be passed to MATLAB workspace
to be used by the following algorithms. The flow diagram is shown in Figure 5.14.

Sethi.c

This algorithm is to determine the local convective heat transfer coefficient

for each node using pressure, temperature, mass flow rate, steam quality and state
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indicator of next step. The strategy for determining the use of different heat
transfer correlations depends on the temperature difference between the tube wall
and the bulk fluid. The flow diagram of the “Sethi.c” is shown in Figure 5.15.

CalTf.c

This algorithm is to evaluate the flue gas temperature at specific location
along the risers and downcomers. The technique used to achieve this is explained in
Section 5.7. The flow diagram is shown in Figure 5.16. The specific heat capacity
and the overall heat transfer coefficient are first evaluated, then the v and 7 of
Equation 5.56 can be determined. The exit flue gas temperature of each node can
now be evaluated using Equation 5.55.

At this stage, the first set of input parameters to “Update.c” has been
evaluated to be the parameters for the next step. This new set of parameters is
now fed back to the begining of the program for the continuation of the loop. The

program can be terminated when steady-state or a specific time span is reached.

5.9 Simulation Setup for the Hydraulic Net-
work Model

Referring to Figure 5.8 node 0 and 9 serve as the boundary of the circulation
circuit. The pressure at node 0 and 9 is set at 7.2 M Pa and the enthalpy entering
the downcomers is set at 1237.1kJ/kg which corresponds to the subcooled water
state at 7.2 M Pa. The energy and mass balance of the two nodes are assumed to
be constant. A set of initial conditions is selected for each node and link and it

is shown in Table 5.2. The volume of each node and the length and diameter of
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Input Parameters: z,, A

Calrhou.m
l Awku’ l' pm l' u® 1

K hin' wfsn

Input Parameters: T#, T,° T°, D
Cal_dTw.c

L AT\,H' l' Twnrl
Input Parameters: u™'!, p2'!, P°, T®, thp®

Cal PT.c
| Pt e
Input Parameters: P!, po'1, tbp?'!

Cal_x.c

[~

Input Parameters P!, T'!, W, ='!, x*'!, D, A,, thp”"'

Sethi.c

l hiﬂ’ 1

Input Parameters: T*'!, W,°'!, x*'1, D, tbp*'!, T2 ho't, Wr"’"

Cal_Tfc

Trn' 1

Figure 5.10: The flow diagram of the hydraulic flow network.
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Using the input parameters to evaluate the specific volume, quality,
viscosity, densities, specific enthalpy, void fraction,
SP/6M, 8P/8U for each node.

Evaluate the energy and mass balance equations for each node,
Equation 5.4 and 5.5

Evaluate the two-phase friction muitiplier and its derivative with
respect to mass flow, and single-phase friction factor and its
derivative with respect to mass flow.

" Evaluate 5f6U and 5 6M for each link, and fk (Equation 5.16) and
: 8, 6W (Equation 5.20).

| Evaluate the A matrix and 2, of Equation 5.13

Output the A matrix and
z, to Matlab workspace.

Figure 5.11: The flow diagram of the Update.c algorithm.
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column vector of Equation 5.60.
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Figure 5.12: The flow diagram of the CaldTw.c algorithm.
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Check for each node for the following conditions.
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subcooled water l

else if tbp = 0 i
saturated liquid :

else if thp = 3
saturated vapor ;

elseiftbp =4
supheated steam

else

two-phase region

Output x™! to Matlab
workspace

Figure 5.13: The flow diagram of the Calx.c algorithm.
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Input parameters: u™*!, p*!, P*, T, thp”

{  Check for each node for the following conditions.

Ifp > p i and u =u_ (p)
saturation liquid
settbp=0

else if
P < Periticas a0d U = 1, (p)
saturation vapor
settbp =3
else if
P > Paiven 32d U > (p)
subcooled liquid
settbp = |
else if
P < Paica 30d U > U, (p)
superheated steam
settbp =4
elseif
(P> Py 30d u<u_ (p))
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(P < P iy WAV < U (P))
two-phase region
set thp =2

Output P!, T*1, thp™*!
to Matlab workspace.

Figure 5.14: The flow diagram of the CalPT.c algorithm.
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|
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Calculate the temperature difference, dT,
between tube wall and water.

1

%

]
}
!
1

v
Check for each node for the following conditions.

!
Yy
[f0.0<=dT<5.0°C
single-phase heat transfer
Equation 3.17
else if dT >=5.0°C
Incipience of boiling
Equation 3.18
else if (dT > 5.0°C) and (0.0 <= x <= 0.05)
subcooled boiling
Equation 3.19
; else if dT > 5 °C and
005 <=x<=0.1
nucleate boiling
! else if dT > § °C and
f: 0.1<x<0.7
! forced convective boiling

Output the b,*! to Matlab
workspace.

Figure 5.15: The flow diagram of the Sethi.c algorithm.
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Input parameters: !, W,»*!, x*"!, D, thp™*!, T, ho!, W !

Evaluate the specific heat capacity and the overall heat
transfer coefficient (Equation 5.57) of each node.

'; Evaluate the a and n of Equation 5.56

Evaluate the flue gas temperature at specific location
using Equation 5.55

Output T”"! to Matlab
waorkspace.

Figure 5.16: The flow diagram of the CalTf.c algorithm.
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each link are shown in Table 5.1. The model can be simulated according to the

programming structure explained in previous section.

5.10 Results and Discussions of the Hydraulic
Network Model

The boundary conditions of the established generation bank model are the
steam drum pressure and inlet subcooled water enthalpy. A step increase and
decrease of 55 °C of the flue gas inlet temperature to the generation bank are
implemented to examine the dvnamic response of the circulation flow. In addition,
the inlet water enthalpy is also subjected to a step increase and decrease of 9 °C
of feed water to examine the effect of subcooling on the dynamic response of the
circulation flow.

Steadyv-state is reached using the parameters in Table 5.2 before any step
change is implemented. Figure 5.17 and 5.18 show a step increase and decrease of
35 °C of the inlet flue gas temperature to the generation bank at 10 s, respectively.
Both figures show the dynamics of the circulation flow of each link as specified in
Section 5.6. For the circulation flow response subjected to the step increase in heat
input, it is expected the circulation flow rate will increase. At steady state, this
is observed. However, the circulation flow rate at the inlet of the downcomers is
actually decreasing 6.3 % from the steady state right after the heat input increases.
The flow later increases and settles at a new steady state. The same transient
phenomena are reported and explained in Coq et.al., (1983) and Lee et.al., (1976).

The flow boiling instability experiment done by Lee ef.al., (1976) shows the effect
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of a step increase in heat input to the transient response at the constant circulation
flow. The experiment shows that the inlet circulation mass flow reverses right after
the heat input increases. The amplitudes of the flow reversal decreases with time
and the flow finally settles at steady state again. Although this experiment is not of
natural-circulation flow boiling type, it presents an important transient phenomena
of flow boiling under which is subjected to heat variations. This flow reversal
phenomena is also reported in Coq et.al.,, (1983). This transient phenomena is
explained by a sudden rise in pressure caused by a fast vaporization of the liquid in
the heated section. This sudden increase in pressure in two-phase section is shown
in Figure 5.19. Other transient phenomena, such as the flow response in two-
phase section is not explained but the simulated response can be justified. From
the simulation, the inlet mass flow decreases spontaneously after the heat input
increases while the mass flow in two-phase sections goes to the opposite direction.
The increased heat input causes the rise of steam quality, as shown in Figure 5.21,
which increases the volume difference between two-phase and single-phase nodes
and so as the flow. However, the sudden decrease in flow in downcomers imposes
a significant drag on two-phase section of which the flow rate slightly decreases
after the time required by the two-phase section to receive the signal of the drastic
flow decrease. Afterwards mass flow in the circuit is self-adjusted to balance the
pressure drop in the risers and downcomers and reaches a higher steady-state value
induced by the increased heat input. An opposite situation to the step decrease
in heat input is then expected. The circulation of water in downcomers increases

6.2 % from the steady state due to the decrease in pressure in two-phase section.
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Figure 5.20 shows the decrease in pressure at two-phase section. Although the flow
in two-phase section decreases owing to the decrease of acclerational force caused
by the difference in specific volume, it is pushed by the upcoming circulating water
as the hump shown in Figure 5.18. Then, the circulation at each link decreases
and asymtotically approaches a lower steady-state value. As shown in Figure 5.17
and 5.18, the settling time for the circulation flow of the step heat decrease is the
same as that of the step heat increase.

Similar to the step change of heat input, the step change of inlet water en-
thalpy at 10 s is implemented after the system reaches steady state. The transient
responses of the circlation flow subjected to step changes in inlet water enthalpy
are shown in Figure 5.23 and 5.24. As the inlet water enthalpy increases, the
increased enthalpy will propagate through the circuit. While keeping heat input
constant, the enthalpy in the circuit is expected to increase and so is the steam
quality in two-phase section. The increase in vaporization of liquid causes an in-
crease in pressure resulting in a slight decrease in mass flow in downcomers as the
effect of step increase in heat input. The propagation process of the heat enthalpy
to subsequent nodes is sluggish or overdamped. The farther the nodes from the
inlet the more overdamping is observed. This is shown in Figure 5.25. However,
the decrease in flow by the increased inlet enthalpy is not as severe as that by the
increase in heat input. In addition, because of the overdamped response of the
propagation of heat enthalpy, the decrease of mass flow in each link is in phase.
The circulation flow later increases after approximately 20 s, and reaches at a
higher steady-state value.
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The opposite situation occurs to the step decrease of inlet water enthalpy as
shown in Figure 5.24. The enthalpy at each node is decreased due to the decreased
inlet water enthalpy in an overdamped fashion as shown in Figure 5.26. The steam
quality and pressure in two-phase section drops and the circulation flow slightly
increases. After approximately 20 s, the circualtion flow recovers and settles at a
lower steady-state value. As shown in Figure 5.23 and 5.24, the settling time for

both cases is almost the same.

5.11 Conclusion

The hydraulic flow network concept and the numerical integration method
from Porsching et.al. is adopted to simulate the circulation flow in the genera-
tion bank as model. The development of the model using the proposed method
is explained in addition to the programming structure for the simulation. The
simulation program adopts MATLAB as the operating platform and C code to
maximize the performance. Step changes in inlet flue gas temperature and inlet
water enthalpy are performed to examine the transient responses of the circulation
circuit. The model is capable of showing important dynamics under the mentioned
step changes which are validated using literature results. The circulation flow acts
more vigorously to step changes in heat input. The circulation flow in downcomers
decreases spontaneously at the increase of heat input. This inverse response also
occurs at step decrease in heat input of which the settling time is approximately

the same as that of the step heat increase. The step changes in inlet water enthalpy
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have effects similar to those changes in heat input. The increased inlet water en-
thalpy causes a rise of enthalpy in each node. This in turn will slightly increase
the pressure in two-phase section and a drop in circulation flow is observed. An
opposite response is observed for the step decrease in inlet water enthalpy. The
settling time for both cases under step changes in inlet water enthalpy is almost
the same. This hydraulic flow network model is capable of predicting the inverse
dynamics of the natural-circulation flow boiling. It is expected that a more elabo-
rate transient analyses can be done, once this model is incorporated with the rest

of the boiler components.
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Chapter 6

Conclusions

This thesis has provided a detailed descriptions of the structures and func-
tions of the utility boiler. This utility boiler is designed to generate steam at 94.5
kg/s using natural-circulation method and operating at subcritical pressure. The
boiler includes a furnace, two superheaters, a steam drum, a mud drum, steam-
generation circuit and an economizer. The natural-circulation circuit consists of
the membrane side walls covering the furnace and the convective generation bank
connected between steam drum and mud drum.

A theoretical background on two-phase flow and heat transfer is also pro-
vided. Two categories of two-phase flow - adiabatic and diabatic are identified in
addition to two two-phase flow models - homogeneous and separated. Various two-
phase friction multipliers and correlations for evaluating void fraction are shown.
Heat transfer correlations for single phase and two phase are stated and discussed.

This thesis has successfully modeled the steam-generation circuit of the
natural-circulation utility boiler. The modified transient circulation model from
Kacag ef.al (Kakag, 1991) steady-state natural-circulation model provides a satis-

factory performance along with other boiler's components, such as furnace, super-
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heaters, steam drum and economizer. This transient circulation model is able to
generate the amount of steam which is in agreement with the nominal operating
value. Different operating loads were also examined to study the responses of the
circulation model. It is found that simulating the boiler model below nominal value
reflects the salutary operation of the circulation circuit. That is, the circulation
ratio is always larger than one. However, the circulation circuit of the front and
middle side walls of furnace shows an adverse operating situation when the steam
load is set at 103.9 kg/s. The water circulating rate decreases even though the
steam generation rate increases due to the increased heat input. This is one of the
characteristics of natural circulation. The larger pressure losses in heated risers
induced by higher heat input do not correspond to increase in pressure differential:
and therefore, the flow will decline. This suggests the utility boiler should not be
operated at the steam load of 103.9 kg/s or higher.

The hydraulic flow network concept from Porsching et.al. (Porsching et al.,
1971) is adopted to investigate the feasibility for this approach to model the natural
circulation. The convective generation bank is used as a model example. A heat
transfer model using log-mean temperature difference theory is incorporated to
simulate the heat input to the generation bank. The hydraulic flow network model
is capable of predicting the inverse dynamics when the generation bank is under
step heat changes and step inlet water enthalpy changes. The extent of the inverse
dynamics response is more severe for step change in heat input than for step
changes in inlet water enthalpy. This transient dvnamic phenomenon is a crucial

factor which contributes to the inverse dynamics observed from steam drum level
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response in boiler operation.

6.1 Recommendations

Although the transient model modified from Kackag et. al. (Kakag, 1991)
steady-state model is sufficient to show the agreement with data at steady state
comparison, the actual dynamics of the circulation circuit during step changes in
heat input and step changes in inlet water enthalpy caused by changes in feedwater
flow rate has not been revealed. Therefore, if a more accurate model is required,
this model has to be modified or other approaches may be used. The hydraulic
flow network model is proved to be able to predict the important dynamics of the
natural circulation - the inverse dynamics, but an extensive studies are needed to
provide the overall dynamics of the boilers, especially the steam drum dynamics
because control schemes are sensitive to the dvnamics variations in steam drum.
Therefore. the combination of this generation bank model using hydraulic flow
network concept with the steam drum should be studied to further validate the

method.
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Appendix A

Simulink Block Diagrams of the
Dynamic Circulation Model

The simulink block diagrams for the dynamic circulation model is presented

in this appendix.
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Appendix B

The Derivation of the
Homogeneous and Separated
Flow Model

This appendix presents the derivation of the homogeneous and separated
flow model mentioned in Chapter 3. The formulations used can be found in Ginoux

(1978).
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Consider the flow of a two-phase fluid in a channel of constant cross-
sectional area, A, and constant periphery, S. The momentum balance over a length

6l is as follows:

dp . d, . .. .
/A [p— (p+ﬂél)] dA = /S To0lds + /A 5(GrVr+Golg)dA+ /A pgdldA (B.1)

For homogeneous model, the two-phase fluid is considered to be homogeneously
mixed and travelling at the velocity through the channel. Therefore, the corre-
sponding accelerational and gravitational terms for the homogeneous model are as

follows:

= %[G(l - )GV + GzGV') (B.3)
= 02% (B-4)
-%W“im“m = ‘—}/Ag[apg + (1 - a)pys]d4 (B.5)
= pg (B.6)

For constant shear stress wall, the frictional term is as follow:

_@ = (B.7)

For separated model, the two phases are separated, but assumed to be in

equilibrium. The accelerational and gravitational terms for the separated model
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are as follows:

_‘%mmm = 5 / Z(GfVy + G,ly)dA (B.8)
_ ;11_ % [Gz(tl_-xc);vf A, Gﬁz;/gAg] (5.9)
= °% [(11"_’22»}+ “":'-:’J (B.10)
_C(ii—?gravitation = 71-/.4 glagy = (1 - a)psldA (B11
= Zlpads +prAf] (B.12)
= g[pga + (1 — a)py] (B.13)

The frictional term for separated model is the same as that of the homogeneous

model.



