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Abstract

Feed-water heaters (FWHSs) are an integral part of the power plant with respect to the overall heat
recovery, and thus its efficiency. While the main purpose of the FWHs is to heat up the feed-water
before being sent to the boiler, there are more added advantages owing to the installation of this
equipment to the power plant such as less heat being removed to the atmosphere at the
condenser. This report aims at understanding the different types of FWHs in operation and
understanding how heat is transferred from the bled steam into the feed-water, and using the
understanding to model a transient FWH. The FWH model is a building block towards building a
complete transient power plant model. Process operations are all subject to constraints of some
sort. The limitations can be in the form of physical geometry, process parameters or lack of
correlations that relate known data. The constraints vary in their complexity, and depending on
the type of constraints a different mathematical modelling technique can be applied to implement
the FWH model. The grey-box modelling technique was chosen to be the appropriate one for
analysis as it captures the dynamics that depend on the first principles and correlations whilst still

using the global inlet and outlet properties of the FWH [1].

The FWHs have three zones; de-superheating, condensing and sub-cooling zones. The heat
transfer characteristics of the three zones are different, and thus their heat duties with the
condensing taking a significant amount of the heat duty. The heat duties of the different zones are
determined and condensing zone takes above 80% of the heat transfer for the case study taken in
this report. Most research on FWH modelling combines the heat transfer coefficient (HTC) of all
three zones. But in this report only the condensing zone overall HTC is determined from assuming
saturation temperature is taken at the inlet pressures of the two streams for the FWH. The overall
HTC takes into consideration the conductivity of the heat exchanger (HX). The algorithm used,
converts the FWH high level inputs into heat transfer characteristics for that FWH. The Heat on the

two remaining zones is added as heat input on the model and varies with varying load conditions.

The results from build simulation models show good agreement with acceptance data from the
Kriel power station which was used as a case study to validate the model. The temperature and
energy analysis in steady state showed that the modelling tool, Flownex, predicted the energy and
temperature distributions accurately. This is also seen in the transient model built during load

changing.
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Chapter 1. Introduction

1. Introduction

1.1 Background to the Study

The Specialization Centre for Energy Efficiency in the Department of Mechanical Engineering is
developing a transient thermal-hydraulic power plant model using the Flownex Simulating
Environment. The model will be used to simulate the process performance of individual
components. It will also be used to analyse Eskom power plants in order to conduct power plant
fault finding and to investigate the behaviour of the plant as a whole under different load

characteristics and transients.

This project focuses on modelling the Feed-water Heater [FWH] of a typical power plant using heat

balance data as input.

1.2 Objectives of the Study

1.2.1 Purpose of Study

A FWH may be modelled in one of the two different ways. They are the performance- and design-
based approaches [2]. In the performance-based approach, a relatively small amount of
parameters are specified by the user to represent the overall behaviour of the FWH. These would
typically be process parameters observed or required under various load conditions. On the other
hand, in design-based approach, a detailed analysis of the heat transfer and flow phenomena is
performed internal to the heater so that the required amount of information to resolve the FWH
within the system components is developed. This approach requires an extensive collection of
input data that describe the heater internals in detail. This approach is very time consuming, and

often the detail information is not known to the end user (in this case Eskom).

The purpose of this study is therefore to develop a methodology that can be followed to define a
FWH in Flownex with minimal inputs required. The eventual model will be able to predict the
heater’s performance under various load conditions, as well as during moderate transient events.
As a case study the Kriel HPH 7 is used in this report. This is because of the difficulties faced by
Kriel operators where only unit 5 has credible results while other units’ control and
instrumentation requires upgrade. And a methodology for predicting some of the heaters’
performance based on known inlet conditions would help overcome some of the problems

outlined in [3].
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1.2.2 Problems to be investigated

The following questions will be investigated and answered by this study:

e How can the different heat exchanger (HX) zones, namely the de-superheating, condensing
and sub-cooling be separated from each-other without knowing the internal geometry?

e What level of sophistication is needed to model the various zones in Flownex?

e How can the heat transfer characteristics of the different zones be determined using only
plant data at various load conditions?

e What information is needed to appropriately incorporate the thermal mass and volumes of
the heater, again without detail internal information?

e How will the thermal inertia and effect of conductivity through the pipe wall affect the
overall model, and how should that be incorporated?

e How can one determine the level in the vessel, and apply an appropriate Flownex element

which would mimic the control system?

This study will address all the above questions, and attempt to offer solutions of appropriate

methods for dealing with these.

1.3 Scope and limitations of the study

Because the details of flow phenomena that occur in the respective streams of the FWH are not
modelled, the combined model will not be able to predict some local effects. This may result in
inaccuracies when compared to actual plant data, especially during fast transients, or process

conditions that extend far beyond the typical operating range.

In determining the heat transfer characteristics, average fluid and material properties will be used.

This could further reduce the accuracy for off-design operation conditions.

The model will be built with level control capabilities but no control loops will be added to actually
control the level. This is considered outside the scope of the study, and would form part of a
separate project where the complete power plant control system will be added to the various

components.

The method will be developed and tested on a tube-sheet horizontal high pressure FWH. Some of
the methods would apply to vertical heaters, or header-type heaters, but this study will not

attempt to produce solutions for all of these.
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1.4 Plan of Development

To model a FWH, it is important to understand the basic phenomena behind heat transfer and
pressure drop which are what determines the performance of a FWH. Chapter 2 outlines the
background theory and mathematics required in a holistic model of a FWH. This chapter begins
with an overview of the Flownex Simulation Environment which is the platform in which the model
will be built. It then discusses a closed FWH, purpose and different types in service at Eskom. It
continues by looking at heat transfer in steady state and transient state scenarios, and the heat
transfer coefficients (HTCs) for the different flow regimes and fluid states. The pressure drop
through a FWH is often negligible in the overall process, but it was studied for a better
understanding of the response of the Flownex model. The concept of level control within a heater
shell is discussed, and then some techniques of process modelling in engineering are looked at.
Chapter 2 is completed by looking at some previous works by other authors in formulating the

model of a FWH and discusses the concepts of white-, black-, and grey-box modelling.

Chapter 3 presents the methodology and logic in developing the FWH model. It first looks at the
mass and energy balances of a FWH. Then the method followed in determining the HTC and heat
duties for the different zones is outlined. The thermal mass estimation and methods used before
are also presented with case study done for high pressure heater (HPH) 7. The preliminary checks
to validate the model are also presented in this chapter. The Flownex model is then outlined, with
all the components’ contributions towards the whole model. The complete steady state and

transient models are finally presented.

Chapter 4 gives the results for both the transient and steady state models with the plant data and
comparison is made to gain confidence in the Flownex models. The results of the models are

discussed with the aid of the literature presented in Chapter 2.

Chapter 5 discusses the usability of the models, shortfalls and recommendations for further work

on the topic.
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2. Literature Review

2.1 Flownex Introductory

This section is a brief introduction to Flownex and how it works, and most of the explanations are
based on information from the software manuals [4] and [5]. “Flownex is an integrated systems
computational fluid dynamics (CFD) code used for design, optimization and simulation of complete
thermal-fluid systems” [4]. “It solves partial differential equations for mass, momentum and
energy conservation to obtain the mass flows, pressures and temperature distributions throughout
the network” [5]. The Flownex library contains simple components like pipes, pumps, heat transfer
elements, valves etc. which can be connected and interconnected to form any desired network.

The key components used in the model are outlined below.
Pipes:

Figure 2-1 shows the representation of a pipe in Flownex. The geometry of the pipe can be
specified by giving the cross-sectional area or diameter with the length. The pressure losses in

pipes are of two forms, the primary and secondary losses.

General

Connected Nodes

Fluids

Trace Elements

Geometry

Settling Slurry Parameters
Losses

Discretisation

Orifice

Heat Transfer

Water Hammer Parameters
Static Pressure Calculation Option
Ficed Options

Momentum Addition

B
& Results

Figure 2-1: Flownex pipe component with input options [4].

O O O O O A = == B B R B

Sudden changes in working conditions of a fluid in a pipe may cause a pressure pulse in the pipe, a
phenomenon known as water hammer, and this can be captured in Flownex pipes. A pipe has
capability of having a valve in the form of an orifice. The orifice can only be specified for pipes with

a single increment, once there is more than one increment the orifice option disappears. Under
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the discretisation option, the pipe can be subdivided into several sections to better follow the
change in fluid properties or heat transfer along the pipe. Also, if there are several pipes of the

same characteristics, the “number of parallel” pipes option can be specified.
Flow Resistance:

A flow resistance component is mostly used to model pressure drop across HXs, valves, ducts etc.
It is often used as “connector” between other elements where the actual pressure drop is

insignificant by defining a large flow admittance value.

- Fluids
Fluid data reference Click here to select. ..
-I Trace Elements
Trace elements data reference Click here to select. ..
=/ Resistance Data
—I Flow Resistance Definitions
Flow resistance behaviour Quadratic E
Include density variation effects Mo E
Flow admittance 0
Admittance scaling factor 1
-| Discretization and Differencing Schemes
Mumber of increments 1
Discretization scheme Upwind E|
=I Volume and Inertia
Volume 0 m? El
= Operational Inputs
Opening 1
- Heat Transfer
Heat input 0 kW [ ]
-I Fixed Options
Fixed mass flow
Prevent flow reversal
- Momentum Addition
Momentum addition Mo El
=l Swirl parameters
Swirl transfer option Do not transfer E|
Inputs

Figure 2-2: Flow resistance component with inputs options [4].

Only a constant heat input can be specified in this component. The capability of preventing flow

reversal can be used to model non return valves with the flow resistance element.
Two-phase tank:

Two-phase tanks are used to model cavities/tanks which contain a fluid with different phases. The
level of liquid in the tank is calculated from the fluid quality, hence making it possible to track it
during transients. Entrances and exits to the two-phase tank can be specified by specifying the
volume fraction of the component connected to the tank as shown in Figure 2-3. This allows one
to extract either saturated liquid or gas, depending upon the current level relative to the pipe

extraction height.
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Description

Fluids

Fluid Data Reference
Solver Guess Values

Spedfy guess values Mo
Boundary Conditions
Elevation boundary condition Spedfied

Elevation

Solver Incondensable Concentration Guess Values

Spedfy incondensable concentration... Mo

Solution Scheme

Use explicit pressure calculation Mo
Geometry

Geometry spedfication Spedified
Geometry option Specify volume
Vessel shape Polygon
Volume 1

Area 0.1

=I Volume fractions

Argon | General (Two Phase Fluids)

1

Click here to edit...

= 0]

=I Volume Fraction

Spedfy Yes

Description Restrictor with Discharge Coeffic. ..
Fraction 0

Apply Dynamic Height Yes

= [1]

=I Volume Fraction

Spedfy Yes
Description Pipe -1
Fraction 0
Apply Dynamic Height Yes
=I Heat Transfer
Heat input 0
-I radial Pressure Gradient
Radial pressure boundary condition Mo
[ Inputs

Figure 2-3: Two-phase tank component with inputs options [4].

The geometry and orientation of the two-phase tank can also be specified depending on the
problem being solved. Also, because some components are located an elevation higher than
other, there is an elevation specification option. The two-phase tank is in fact only a special case of
the generic node component. Nodes are used to link other components (defined as elements) in

Flownex. Elements have only one inlet and outlet, but a node can have multiple ports.
Boundary condition:

The boundary condition component is used to specify the conditions at a specific node in the
network. It is represented as shown in Figure 2-4 in Flownex, and can only be connected to nodes
and similar special node types, not elements. Only a few combinations of inputs at a single

boundary can be specified. These are outlined in [4].
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Boundary Condition - 1 {(Boundary ... [_‘E‘ﬂ_h]
El

* General

- Boundary Conditions
Pressure boundary condition Mot spedfied E
Temperature boundary condition Mot specified E
Quality boundary condition Mot specified E
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Figure 2-4: Boundary condition with inputs options [4].
Heat transfer element:

The heat transfer element is used to model convection, conduction and radiation to and from

elements and nodes.

Figure 2-5: Heat transfer component and a schematic with convection and conduction [4].

Figure 2-5 shows a heat transfer element with convective heat transfer on both ends of a solid
material, and the conduction through the material. The same idea is used to build the heat
transfer between steam and feed-water in a FWH. The inputs and specifications of a heat transfer
element will be shown in the model description to show which inputs are of relevance in the

model in section 3.6.
Restrictor with discharge coefficient:

The restrictor with discharge coefficient can be used in throttling processes and/or similar
processes. It uses the cross sectional area of flow and the discharge coefficient to determine the
pressure drop due to a certain flow rate. Figure 2-6 shows the restrictor component and the inputs

box. The “Cross sectional option” can be changed between Area and Diameter.
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Figure 2-6: Restrictor with discharge coefficient element and its input options [4].
External software:

Flownex allows for the linking of various other software tools into the network. This allows one to
perform calculations externally and feeding the answers into the components. In this project Excel
and Mathcad components are used to do calculations external to Flownex algorithms. Also, the
results from the Flownex runs can be reported into an Excel sheet for later analysis. All the
components discussed above have significance towards building a FWH model and it will be

explained in detail how each of them contributes in the overall model.

Flownex version 8.3.7.2310 is used to model the FWH in this report.

2.2 Overview of closed FWHSs

2.2.1 Purpose of a closed FWH

Most power plants make use of the Rankine vapour cycle for converting the thermal energy
(obtained from burning fuel) into electrical energy. The ordinary Rankine cycle can be summarised

as a series of four events in a closed loop on a T-s diagram (see Figure 2-7):

1. The working fluid in the Rankine cycle is pumped from a low to a higher pressure, and this is
ideally an isentropic process. The pumping of a fluid requires some form of power input to the

system;

2. The pressurised fluid is channelled into a boiler for constant pressure heating until it reaches
superheated vapour. The heat source in more than 90% of ESKOM power plants is either coal or a

nuclear reactor;
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3. Superheated vapour then expands through a series of turbines which then drives an electrical
generator. This process, like pumping, is ideally an isentropic one. As the steam expands and loses

its energy the temperature and pressure decreases;

4. The resulting vapour is then collected in a condenser for cooling to saturated liquid. The

resulting liquid is then fed back to the pump and the cycle repeats [6].

T 4 Saturation line

~+

e
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Figure 2-7: Feed-water traces on a T-s diagram for Rankine cycle.

Developments have been made to improve the Rankine cycle efficiency, and one of those was to
add a FWH between a condenser and a feed pump for regeneration. One of the benefits of adding
a FWH is a reduction in the energy requirement to heat the high pressure feed-water in the boiler

to its saturation temperature [7].
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Figure 2-8: Rankine cycle components with heater in place.

Figure 2-8 shows a common implementation of the FWH where the feed-water is heated using
steam extracted from the turbine. The consequence is that there will be less steam to be
condensed. This may not be seen to increase the efficiency directly, but it cuts on the costs of

heating in the boiler and reduces the size of the condenser and low pressure turbine [8].

FWHs also improve the life expectancy of the boiler and turbine. A turbine operating with FWH
extraction expands less steam and therefore lower forces acting on the turbine blades. A boiler
without FWHs upfront needs to introduce higher amounts of heat into the furnace, thus creating
higher thermal stresses [9]. These last two benefits are of particular importance for a plant that

has been designed with FWHSs, but is operated with some out of service.

2.2.2 Types of FWHs and Construction

This study will only focus on closed FWHs, where the feed-water and bled steam streams do not
mix. There is also an open-type FWH, where the bled steam mixes into the incoming feed-water

stream, and is taken onwards to the boiler.

Closed FWHs can be classified according to the operating pressure of the feed-water stream into
either a high pressure (HPH) or low pressure (LPH) heater. The HPHs are placed between the boiler
feed-water pump and the boiler, which implies that they operate at approximately the boiler
pressure. The LPHs are placed between the condensate pumps and the boiler feed-water pumps,

and operates at a pressure in-between the condenser and boiler pressure [10].

10
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The arrangement of the tubes inside the heater differentiates the type of FWHSs, with the main
types being the tube sheet and the header type. Tube sheet heaters were conventionally used
until the introduction of the header heaters. And in some old plants in the ESKOM fleet the header
types are replacing the tube sheet heaters. The header type heaters have gained more use within
ESKOM plants due to their ability to withstand high thermal gradients within the header section,
due to reduced thickness [7]. Due to their ability to withstand high thermal stresses they are used
mainly as HPHs. In tube sheet FWHs, the feed-water flows in a group of U-shaped tubes which is
connected to a common tube sheet. Header type FWHs can have multiple passes of the feed-

water tubes, and they start and end in separate headers as shown in Figure 2-9.

a) Tube-sheet FWH being assembled b) Header type FWH being assembled

Figure 2-9: Tube-sheet and header type FWHSs being assembled [7].

FWHs can also be classified by orientation in operation as either the horizontal or vertical FWH.
The horizontal FWH requires more space for installation compared to the vertical, but has an
advantage of smooth condensate level change in drastic operating changes. This is because a big
change in condensate volume only causes a small change in level [11]. The vertical FWH can be
classified further into two types, the channel up or channel down depending on the position of the

sub-cooling section [12].

Inside the FWH there may be baffles to direct the flow of the bled steam through the shell. The
FWH can be arranged for the fluids to either flow in parallel, counter-flow, cross-flow or any
combination of these three. In an ideal parallel flow closed FWH the temperature of the feed-
water and that of steam at the outlet will be the same [13]. And Figure 2-10 shows a typical

temperature profile for both the parallel and counter flow HXs.

11
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Figure 2-10: Temperature profile of the two fluids in a parallel-flow HX and a counter flow HX.

Counter-flow closed FWHSs are the most widely used ones because of their higher effectiveness in
heat transfer. This is because the feed-water at exit can reach temperatures higher than that of
the bled steam at exit as can be seen in Figure 2-10. The fluid flow can also be arranged in a cross
flow manner. This is where the fluids flow at right angles to each other in a HX. In most FWHs, the

flow inside is a combination of cross flow and one of parallel or counter flow.

Closed FWHs can also be classified by the number of heat transfer zones within the shell. They are
either single zone, double zone or three zones heaters. These zones are the de-superheating zone,
condensing zone and the sub-cooling zone, and will be looked into in detail the next section.
Hussaini and Zubair [14] talk about the reasons for having different zones in a heater, with the
main one being the steam properties which depends on the extraction points of the steam from
the turbine. All heaters have the condensing zone and some may have the de-superheating or sub-
cooling or in some cases both depending on the steam properties and FWH downstream process

equipment. Figure 2-11 shows a tube sheet FWH with all three zones in place.

12
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Figure 2-11: Three zone U-tube FWH [9].

Figure 2-12 shows another type of a FWH, the header type heater, with the feed-water inlet and
outlet headers marked as 1 and 2 respectively. From Figure 2-12 it can also be seen that there are

effectively four tube passes in this kind of FWHs.
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Figure 2-12: Header-type FWH [15].
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The purpose and importance of each zone is discussed in the following section.

De-superheating zone

The de-superheating zone serves to bring the steam temperature down to closely saturation
conditions. The flow velocity is increased by adding baffles to enhance the HTC while steam is in
the gaseous phase. This is to reduce the size of the HX in the de-superheating zone, and hence
reducing the overall size of FWH. The tube wall temperature at the outlet of the de-superheating
zone should preferably be 5C above saturation temperature of the bled steam [14]. This is to

prevent tube bundle erosion and maintain a dry wall condition at the de-superheating zone.

Condensing zone

After the de-superheating zone, the saturated steam enters the condensing zone where it releases
its latent heat as it goes from vapour to liquid. Condensation occurs ideally at a fixed saturation
temperature. This temperature is driven by the pressure in the condensing zone. It may be lower
than at the FWH steam inlet because of the pressure drop from the baffles in the de-superheating
zone. For mathematical modelling purposes this pressure drop is neglected, as the actual pressure
drop cannot be determined without knowing the detail geometry of the heater [16]. The
condensing zone covers the largest area of heat transfer area in the heater and hence carries the

most heat duty [14].

Sub-cooling zone

In the sub-cooling section (also called the drains cooler), the condensate comes into contact with
the feed-water tubes from the inlet side of the HX. The condensed liquid will have some level
within the shell side, so parts of the tubes are submerged. Very often a specific cavity is created
which is flooded with steam condensate, thus ensuring contact with the feed-water tubes. The
sub-cooling is mainly in place so that the saturated liquid, after condensing, does not immediately
go into pipeline towards the next heater and end up flashing back to steam due to pressure drop
[17].

14
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2.3 Modes of Heat Transfer

2.3.1 Conduction Heat Transfer

The rate of heat transfer in a HX depends partly on the material being used as a barrier between
the two streams. If the material has a low conductivity, it will require a large temperature
difference to conduct the necessary heat [18]. Heat conduction is a mode of heat transfer, mostly
in solid, whereby heat is transferred across the particles of material due to a temperature
gradient. The simplest conduction situation is when there is a steady state heat transfer without
energy source as shown in Figure 2-13 below.

)

T, \
T,

X=0 X=L

Figure 2-13: One-dimensional conduction through a plane wall.

The ordinary differential equation for heat conduction on a flat plat plate or wall is given below:

d’T
=0

@ 2

The boundary conditions for the wall are the temperatures T=T; at one end, x=0, and T=T, at the
other end, x=L. The solution for the differential equation with the imposed boundary conditions

simplifies to:
T=T, +(T2—T1)% (2-2)

And the heat transfer going through the wall according to Fourier’s law of conduction [19] is given

as:

cz=kTA(Tl—Tz) (2-3)

15
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The idea of conduction can be extended to cylindrical coordinates to get a better understanding of
conduction across pipes/tubes, which are of interest when dealing with FWHs. The heat

conduction equation in cylindrical coordinates is given as:
——r=—=0 (2-4)
The general solution, at any radius, to the above equation is given by:

Q=—k(27rrL)(£J (2-5)

dr

Solving and rearranging the above equation for boundary conditions shown in Figure 2-14 gives

the heat transfer per unit length as:

q= 27 ~T,) (2-6)

Figure 2-14: Boundary conditions of a typical tube cross-section working as a HX

From equation (2-6) it is evident that the conduction heat transferred depends on the ratio of the
outer to the inner radius of the pipe. So, for a given material of known conductivity, the ratio of
the radii drives the amount of heat energy the pipe HX can transfer. A larger radius ratio (thick

pipe) decreases the ability of the pipe to transfer heat.

2.3.2 Convection Heat Transfer

Convective heat transfer can be thought of as a mode of heat transfer where heat is transferred
from/to a solid surface by the motion of fluids adjacent to the solid surface [20]. In most cases, as
in the FWH, there are two fluids on either sides of the surface exchanging heat with a solid
interface. The heat exchange depends on the boundary conditions at the surface exposed to the
flowing fluids, as well as the fluid flow structure. It combines the effects of inter-fluid conduction
and fluid motion, and generally the faster the fluid motion the greater the convective heat transfer
[20].
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Three important dimensionless quantities are used in convective heat transfer modelling. The first
is the Reynolds number (Re) which relates the inertial forces of the fluid to the forces due to the
viscosity of the same fluid. The Prandtl (Pr) number is the ratio of the momentum diffusivity to
thermal diffusivity, and mainly depends on the fluid characteristics. It compares how quickly heat

diffuses compared to its velocity or momentum [20].

The Nusselt number (Nu) for internal flow is the ratio of the convective conductance to the
amount of pure molecular thermal conductance [11]. It can also be expressed as a function of

Prandtl and Reynolds number.

The relationship between Nu, Re and Pr depends on the flow conditions during heat transfer.

Nu = f(Pr,Re) = h;f (2-7)

Where h. is the HTC, which is the proportionality between the actual heat flux and the driving
factor which is the temperature difference. In the following sub-sections, it will be shown as to
how the above mentioned dimensionless quantities relate for different scenarios in heat

exchanging.

Turbulent flow inside a pipe:

For a pure liquid fluid in a pipe in the turbulent flow regime, where Re > 4000 , the heat transfer is

given by a Dittus-Boelter correlation [21] [10], given as:
Nu=0.023Re** Pr" (2-8)
Where the exponent is given as:
n = 0.4 for heating,
n = 0.3 for cooling.

The correlation by Colburn and Kern is also widely used [22]. Colburn and Sieder Taite use the
same formulation as in the Dittus-Boelter. However, they remove the dependability of cooling or
heating by taking into account the effect of viscosity difference of the bulk fluid and that at the
boundary layer, near the wall [21]. The Kern formulation tries to incorporate the fact that the HTC

should be linear in the intermediate region in his formulation [10].

Laminar flow inside a finite tube length:

When the fluid is flowing in the tubes and the flow is a fully developed laminar, i.e. Re <2300,

Seider and Tate [22] give a correlation for a finite length, L, of tube as:
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hd aV ()
Nu="9 _186|Re Pr(—] Hu (2-9)
k L My

The limitation to this approach is for tubes with a diameter to length ration which is relatively
large, which results in the HTC that approaches zero. The Hausen correlation gives a more
conservative approximation to the average HTC for laminar flow where the wall temperature is

considerably constant [21], and is given as:

hd O.668RePr(CZJ
Nu = 7 =3.66+

(2-10)

o]

Transition regime flow inside a finite tube length

In the transition regime between laminar and turbulent flow, the Hausen correlation [21] is the

most widely accepted correlation to estimate the HTC and is given as follows:

2

2 1 0,14
Nu=%=0.116[Re3—125]Pr3 (ﬁj 1+(%)3 (2-11)
Hy

Another alternative to estimate the HTC in the transition regime is to use linear interpolation

between the laminar and turbulent formulations at the actual Reynolds number.

Condensation on the outside of a horizontal tube:

For vapour condensing outside a pipe of diameter D, the HTC is given by Kern [23] as:

; (2-12)
/JfDo(Tf —Tw)vf v,

1
h :a{ k3g(vg — Vi )AH :|4
0
Where @ is a fitness correlations, and
a =0.725 for horizontal pipes
a =0.943 for vertical pipes

The subscript f indicates the fluid/liquid while g indicates gaseous/vapour form for properties. To
account for the non-linear temperature profile across the length of a pipe, the available latent

heat, AH}g is used and given as:
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AH',=h,, +0.68C,(T, T, (2-13)

And the average film temperature, T, , is given as a function of the wall temperature and the bulk

fluid temperature as seen below:
T, =0.375(T, -T,)+T, (2-14)

In order to fully understand condensation on the outside of pipes in FWHs, the concept of
condensation over a single pipe is extended to condensation on tube bundles. There are
considerations that have to be looked at when modelling condensation on a bundle of tubes.
Firstly, the way in which the condensate flows from the top tube to the bottom ones has to be
taken into account. In some cases this happens to the extent that some of the bottom tubes are
sub-cooling and not condensing in FWHs. Figure 2-15 shows the different modes of condensing to
illustrate the point. Secondly, if the influences of vapour shear are taken into consideration then
McNaught correlation [24] is the best available to predict the HTC for turbulent flow over tube
bundle.

Figure 2-15: Condensing modes for condensation over a tube bundle [15].

The effects of this are analysed in [25], but if this effects are ignored then the mean heat transfer

for N tubes is given as:

g(Nd, k)’ (p; — p,)AH',, J“ (2-15)

h,=0.728
(Tf —Tw)vf

The heat transfer on a single N-th row tube is approximated by different authors, but was shown
in [25] that most of the formulations were over conservative and resulted in condensers that were
consistently over-surfaced. To improve this, a new correlation was given in [26] for the N-th tube

row in a bundle hcy:
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=N (2-16)

Where, h, is the HTC for the top tube as shown above in equation(2-12).

Flow across a tube bank — single phase on the shell side:

The HTC on the shell side of the de-superheating zone is often increased by employment of baffles
as already mentioned, and the effects of baffles are illustrated in Figure 2-16. This is mainly
because the baffles disturb flow and create turbulence in the process. Also, the baffles can be seen
to direct flow to be partly cross flow which result in a higher heat transfer than flow parallel to the
pipe. McAdams [27] gives a correlation where the baffles are not considered and flow is turbulent.

The effective diameter for flow on the shell is used in the analysis, and the HTC is given as follows:

k 1 0.14
h, =0.36—Re**Pr> [ﬁ] (2-17)
D iy

e

Figure 2-16: Flow disturbance due to baffles and the different streams created due to baffles [28].

The Kern correlation for HTC on shell side is the most simplistic approach as it does not take into
consideration the different flows indicated on Figure 2-16. It only takes the main flow, shown as B,
and uses it as though it was a simple cross flow over tubes to determine the HTC [27]. Bell-
Delaware correlation, on the other hand, takes into consideration the effects of the different flows
and geometry and other different factors as outlined by Thome [28]. The most widely used
correlation is the Taborek correlation [27] [28], and Flownex also applies it for flows over tube
bundles. It is applicable for turbulent flows and the Reynolds number is based the outer diameter
of the tubes. The correlation uses the cross flow average velocity and is given as follows:

h :0.2§Re°'6Pr°'4 (2-18)

o
o
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Summary

This sub-section gave a summary of the different ways or correlations for determining HTCs for
different flow regimes on both the tube and shell side of a HX. It is worth noting that none of the
correlations quoted above claim to be 100% correct, and research is still ongoing to produce more

accurate correlations.

2.3.3 HX Analysis

For a finite section of pipe (see Figure 2-17 below) working as a HX between a hot and cold stream
of fluids, the heat flow rate from the hot fluid can be quantified in three different ways as

described in the next sub-sections.

In all the explanations and equations, reference to all quantities is made to Figure 2-17.

o
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Figure 2-17: Small section of a counter-flow HX.

Fundamental Approach

The heat rate can then be quantified as:
Q :UA(Th,av _Tc,av) (2_19)

Where, U is the overall HTC of a HX and A is the heat transfer area. The combination of U and A is
defined as the inverse of the total resistance between the two fluid streams [29]. This method only
allows for small changes in temperature from inlet to the outlet of the streams such that the
average temperature is a good approximation of the temperature difference between the two
streams. Hussaini and Zubair [14] use this approach in the area allocation method for FWH design.

Here the pipe was discretised into small sections such that the inlet temperatures of each section
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can be used to calculate the local heat transfer. The conservation of energy for each stream is

used to determine the inlet conditions for the next pipe segment.

The overall HTC is the total resistance of the two fluids and the exchanger element against heat

flow from the hot to the cold stream and is given as:

-1
r
1 r 1
UA = + -+ (2-20)

Where, the inner and outer convective HTCs are shown with the subscript i and o respectively, as
well as the inner and outer radius of exchanging tube with conductivity, k. The overall HTC comes
from the fact that the energy lost from the hot stream is the heat energy transferred across the HX

into the cold stream.
The energy conservation equations are presented with the aid of Figure 2-18.

kA

Q = UAave(Th _Tc) = hcAi(Twz: _Tc) = %(Twh _Twc) = hhAo(Th _Twh) (2_21)
The three above equalities are combined to give:
1 1 1
T,-T.=Q + + (2-22)
hcAi (kAavej hhAo
L

wh

wcC

- ;'/
/ﬁ -

Figure 2-18: One-dimensional cross-section of a HX.
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Log Mean Temperature Difference method (LMTD)

The Log Mean Temperature Difference (LMTD) method is developed from the integral solution of
equation (2-19) where the tube length is infinitesimal. The LMTD assumes that the fluid properties
such as the heat capacity remain constant and is either pure counter-flow or parallel-flow. The

LMTD gives an exact solution of a finite size HX.

The heat transfer can be written as:
Q=UA(AT,,,;,) (2-23)
With

_AL-4T, (2-24)

AT, and AT, are the temperature differences of the streams on side 1 and side 2. The LMTD

method requires that all the inlet and outlet temperatures of a HX be known in order to quantify

the heat rate across it.

It must be noted that an adjustment factor Z is required to the LMTD for other configurations like

cross-flow, or multiple passes.

Effectiveness-Number of Transfer Units (NTU) formulation

The effectiveness-NTU method is usually used to calculate the heat rates across the HX in

situations where only the inlet conditions are known.

NTU is defined as the number of transfer units, and can be thought of as the capability of a HX to
transfer heat. It is the ratio of the overall thermal conductance to the smaller of the heat
capacities (Cmin), one with least capability of absorbing or releasing the available heat energy [30]

[31]. The heat capacity is the product of the fluid mass flow, and its specific heat.

UA
NTU = —— (2-25)

The heat transfer in a HX reaches the maximum value when either one of two scenarios happen.
Firstly, whenever the cold fluid is heated up to get to the inlet temperature of the hot fluid and the
cold fluid cannot gain anymore temperature. Secondly, when the hot fluid is cooled to go to the

same temperature as that of the cold fluid at its inlet and cannot be cooled any further [32]. These
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two limiting factors can never be reached at the same time unless the two fluids have the same
heat capacities. So the smaller of the two heat capacities limits the amount of heat transfer it
absorbs from the hot side or can give to the cold side. So for any HX, the maximum heat transfer

that can be exchanged is given to be:
Qmax = Cmin (Th,in - Tc,in ) (2_26)

The effectiveness of the HX is the ratio of the actual amount of heat exchange to the maximum
that can be achieved shown in equation(2-26), and thus is a measure of how close the HX is to the
ideal case. The derivations of the different effectiveness for various flows are shown in [32] and
the results are only quoted in this report. Only the effectiveness of the parallel and counter flow
HXs are presented with their accompanying graphical illustration of how the effectiveness changes

with NTU for different fluids capacity ratios.

The effectiveness for counter flow is given as:

1— e—NTU(l—C,)

E= —1 —c e—NTU(l—C,) (2-27)

r

Where, C, is the ratio of the minimum to the maximum heat capacities of the two streams. Figure

2-19 shows how the effectiveness changes with the NTU for the different fluids capacity ratios for
a counter flow HX. As NTU increases, the HX is more effective if the combined heat capacity mass

flow rate of one stream is very low compared to the other.
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Figure 2-19: Counter flow HX effectiveness variation with NTU for different heat capacity ratios.

The effectiveness for parallel flow is given as:
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Figure 2-20: Parallel flow HX effectiveness variation with NTU for different heat capacity ratios.

The effectiveness of a parallel HX is strongly driven by the ratio of the fluids capacities, and as seen
from Figure 2-20 for a HX with fluids that have same heat capacities the effectiveness is limited to
0.5. Also, comparing the effectiveness of the parallel and counter flow HXs for same fluids it is
evident that for the same NTU the effectiveness in the counter-flow is higher than that in parallel
flow [32].

In the condition where C,=0, both flow configurations produce the same result. This is the special
case where the maximum heat capacity is infinitely high, or otherwise stated, the “maximum fluid”
does not experience any temperature change. This is called a single-stream HX, and represents
the condition where one of the fluids transfers heat without temperature change, i.e. latent heat

exchange such as condensation [32].

The flow configuration inside the condensing zone of the FWH therefore resembles that of a
single-stream HX, while the de-superheating and sub-cooling zones are a hybrid mix of parallel and

cross-flow, depending upon the internal baffle arrangement.

2.4 Transient Heat Transfer

The preceding theory only considered steady state heat transfer. However, the overall goal is to
develop a transient model of the complete power plant. It is therefore necessary to consider the

situations when the fluid temperatures or mass flow rates change with time inside the HX.

25



Chapter 2. Literature Review

2.4.1 Temperature Responses

Whenever the temperatures are changing with time within any solid object, the mode of thermal
energy flow is termed transient conduction or non-steady state conduction. Transients generally
happen if the body is at equilibrium (energy balance) and suddenly a rapid temperature change,
increase or decrease is applied. This can be done by imposing the temperature change on either
the core of the object or on the surface. When this change is imposed, the body will react and try
to go to its new equilibrium and during this process the body is said to be in transient heat

conduction process.

There are different ways of analysing the heat transfer during a transient as reported by different
authors in literature. The rate of energy accumulation and hence temperature change was
investigated by Lam and Naterer [33] where a control volume of length, dx, was considered. It is
shown that the transient change in wall temperature is a balance of the convective heat transfer
from the hot stream and convective heat transfer to the cold stream, and can be expressed as:

Mo T, = AT, ~T,) =R (AT, 1) (2-29)

Abdelghani-Ildiris et.al [34] presents a study of the response of a counter-flow double pipe HX
which was carried out to predict temperature responses to step changes in mass flow rates. Their

theoretical results were validated against experimental data and the two were found to coincide.

Tan and Spinner [35] investigated the effects/problems of assuming that the wall separating the
two fluids does not have resistance, and the dependability of HTC on the fluids velocities. Two
models were compared: one with constant HTC and the other with HTC that varies with the fluids
velocities. It was concluded from the study that there is significant difference in transient
responses of a HX when the velocity is changed for the two models. Also, assuming wall resistance
to be negligible only predicts transient responses close to expected if the HTCs are constant. But if

the HTCs vary with velocity, the model led to a significant error in transient behaviour [35].

Yin and Yensen [36] looked at the response of the HX with one stream not changing temperature
(condensing) when the temperature or mass flow rate is stepped up or down. The responses of
the single-phase and wall temperature distribution were investigated using the integral method
from knowing the combination of initial and final temperature distributions. The results were
compared against numerical simulation results over an operating range and good agreement was
reported. Different combinations of HX conditions were tested and results are shown in Figure
2-21.
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The dimensionless quantitiesN,, N, and N, are the ratios of the heat capacities of the HX wall to

the single phase stream, convective heat transfer of the condensing stream to the heat capacity of
single phase and the convective heat transfer of the single phase stream to its heat capacity
respectively. The NTU and temperature profiles are analytically formulated based on this
guantities and working fluids temperatures only. For higher NTU value, the analytical solution
overestimates the temperature at the exit of the single phase. This is a direct consequence of the
increase in the ability of the single phase stream to absorb heat by convection when the other
dimensionless quantities are kept constant. For the numerical solutions, DYMOLA (Dynamic

Modelling Laboratory) was used to simulate the conditions.

Figure 2-21: HX Exit and wall transient temperature for different NTU [36].

There are several ways of acquiring the behaviour and temperature changes within the object as
the transient conduction takes place. In this study only the lumped system model and the

analytical method that makes use of the Bessel function will be looked at.
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Lumped System

In transient conduction of a small object/body, the heat transferred into that object during a finite
time dt will be the increase in energy of that body for that same amount of time [26]. In essence,
this is the energy conservation for that body. For the case where the body experiences constant

convection all around it, the heat is given as:

Q, =hA(T, —T) (2-30)
And,
dar
Q,.=mC, — 2-31
abs pdt ( )

But because the convective heat on the surface is the same heat that is being absorbed by the

object, then the two quantities can be equated and re-arranged to give the equation below:

hA(T, —T)dt =mC dT (2-32)
Where, dT =d(T-T;) and, m=pV .
Substituting the above into equation (2-32) yields the following:

d(T_Tf) _ hA
(T—Tf) pVvC,

dt (2-33)

And integrating both sides gives

T(t)-T
n (t) P hAt

(2-34)
T-T; pVC,
Taking the exponential on both sides of the equation gives:
T(t)-T,
BT _ g (2-35)
7; _Tf
Where,
hA
b= (2-36)
pVc,

This equation enables one to determine the temperature T(t) of a body at any given time during a
transient scenario. Or even more strongly, it gives a feel of how long it requires for the body to
come to equilibrium or to a specified temperature T(t) after a transient has been imposed. All

parameters used in the above formulation are explained in Figure 2-22.
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It must be stressed that the preceding theory is valid for a lumped system, where it is assumed

that the complete body mass receives the heat uniformly through its volume. Later on this will be

expanded to take the thermal conductivity of the mass into account.

M = mass
V = Volume
p = Density

T; = initial Temperature

T¢ = final Temperature

A = surface Area

Figure 2-22: Geometry and parameters involved in the lumped system analysis.

The parameter b in equation (2-36) has units 1/s and its reciprocal is the time constant, t. It is

proportional to the surface area, A, but inversely proportional the mass and specific heat of the

body. Hence it is common for large bodies to take longer when cooling or heating. The effect of b

on the temperature response is investigated and the graph in Figure 2-23 shows temperature

profiles for different values of b.
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Temperature response of solid body
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Figure 2-23: Temperature profile or response of lumped system for different b values.

From Figure 2-23 it can be seen that the body temperature approaches the final temperature
exponentially as predicted by other authors [33] [36]. A larger value of b indicates that the body
reaches the final temperature in a shorter time and the rate of decay is higher as also suggested
by Talukdar [32]. The lumped analysis neglects the spatial variation of the temperature and only
considers how it changes with time at a single specified point [37]. This means that the lumped

analysis cannot predict the temperature profile at different locations inside the body.

The validity of the lumped analysis is measured by a constant termed the Biot (Bi) number. The
Biot number is the ratio of the convective resistance at the surface of the body over the

conductive resistance within the body. The Biot number is given as:

gi = ke (2-37)
P

Where L. is the characteristics length of the body and is given as the ratio of the volume to the

surface area:

2V (2-38)
A
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The lumped analysis is accurate for Bi < 0.1 which is when the temperature field differs from the
actual temperature by less than 5% [37]. The Biot number is seen to have the same effect in two
phase as in single phase HXs where the analysis was done with the convection HTC changing along
the exchanger length [33] [38]. So, for the Biot number to be less than 0.1, it means that the
internal resistance is less than 10% to the external resistance and for the ambient external
environment the internal thermal resistance has to be small. Small thermal resistance implies a
very large thermal conductivity or small characteristic length and thus guarantees a uniform

temperature within the solid [39].

Typical pipe/tube geometry is shown in Figure 2-24 below to demonstrate how the critical length

5

Figure 2-24: Dimensions of a tube working as a HX.

is found for tubes.

The approximate characteristic length of such a tube is given as:

L _K~27zrx5_

(4

= o) (2-39)
A 2mrx

Where, 6 is the thickness of the tube. So, the thicker the pipe the more accuracy is lost in
predicting the temperature profile when using the lumped system method [26]. In Flownex SE,
which also applies the lumped analysis in its solution, this is overcome by dividing the thickness of
the pipe into a number of sections and working on each thin strip as if it was an independent pipe.
The characteristic length then becomes:

L =

o
g 2-40
= (2-40)

And, n is the number of temperature nodes, which is one more than the number of increments.

The effect of changing the critical length was investigated on Flownex SE by changing the number
of increments on the thickness of the pipe. Figure 2-25 shows a schematic of the temperature

distribution within conducting metal of a HX with different number of nodes/discretization.
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Figure 2-25: Instantaneous Temperature Field within HE with n=3 versus n=6.

Analytical Solution (using the Bessel Function)

The aim of this section is to show how the temperature variation as a function of time and/or
position within an infinitely long solid cylinder can be determined analytically. The cylinder has an
initial temperature T; on the inside and T, on the outside. At an initial time, t,=0s the temperature
on the inside of the cylinder is immediately changed to T;. The aim is to then solve for the

temperature profiles at different times and radii of the cylinder based on the given boundary

conditions. To solve this problem, the non-dimensional variables are described below:

T(t)-T,
T:L (2-41)
T—T
r actual
R
ta
T :?
The initial heat conduction for this case is outlined below with the boundary conditions
d 1d| d
—T=>—|r—T (2-42)
dr  rdr| dr

The following boundary conditions are set for the problem:

arl _o
dx|,
T(x:L,Z'):T2
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T(x,7=0)=T,

The solution to this boundary value problem is obtained as described in [30] using the Bessel
functions, producing the temperature profile as:
< Jy(A,r)e

T(r,'l') =2n:1W (2-43)

Where A, and J; are the Eigenvalues and Bessel function of the first kind respectively. The

solution above is for the dimensionless temperature field, and knowing the initial and imposed

temperatures, the change in temperature with time can then be determined.

The following Figure 2-26 and Figure 2-27 are the solution of the temperature profiles as a
function of radius and time respectively. For both diagrams, the wall is initially at a temperature of
80 °C on both sides and the outer wall temperature is suddenly raised to 180 °C to investigate

temperature with time and position within material.
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Figure 2-26: Temperature profile as a function of radius with increasing time (Analytical).
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Temperature (°C)

100f-:

time ()
Figure 2-27: Temperature profile as a function of time with increasing radii (Analytical).

Figure 2-27 shows the temperature profiles as time changes for different radii. It is seen that the
temperature gradient at a certain radius takes the same form as the one predicted by the lumped
system method in Figure 2-23. The Flownex solver uses the lumped system to solve for
temperature profiles across HXs. Flownex model therefore simulates a good approximate of
temperature profile for criteria mentioned for lumped systems discussed under the “Lumped

system” section.

Gwebu [40] investigated the effects of discretization on the temperature profile for an infinitely
long pipe with convection on both the inside and outside. Figure 2-28 shows the results from the
Flownex model with the tube discretized radially into 3 sections, 4 nodes. Even though the
difference in Flownex and analytical results could be due to the area scheme used, there is also a
contribution to the error owing to the fact that even for Bi <0.1 there is still an error of less than

5% as indicated by Jiji [37]. And because the tubes of the FWH are reasonably thin, yielding a low
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Biot number, the number of increments can be kept as low as possible without compromising

much accuracy.
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Figure 2-28: Comparison between Flownex and analytical results for an infinitely long tube subjected to convection at
the boundaries to induce transients where 4 nodes and time step of 0.1s were used in Flownex [40].

2.4.2 Numerical Error

In steady state the amount of heat lost by the hot stream is the same as the heat energy

conducted through the tube wall, and the amount gained by the cold stream.

Qh = Qconcl = Qc (2'44)

This is valid since the temperature gradient through the pipe wall does not change. During a
transient event, the temperature profiles change as was demonstrated in the previous sections.
The change in temperature profile results in some energy being absorbed/released by the pipe

wall in such a manner that the above steady state relationship is not valid any more.

Figure 2-29 shows a transient simulated in Flownex for a typical FWH pipe in the sub-cooler
section. It is seen that the heat transfer on both streams is the same before the transient occurs

at 40s. After some time in the transient the heat transfer of the two streams come back together,
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but at a higher value, and it can be said that a new steady state condition was reached. During the
time in-between the steady state conditions, there is a marked difference between the two
stream’s heat transfers. The difference between the two is the amount of heat being

absorbed/released by the wall.

Qabsorbed = Qh - Qc (2-45)
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Figure 2-29: Heat transfer from the condensate to the feed-water in a typical sub-cooling zone during a simulated
transient.

If the exact temperature profile is known inside the pipe material, one can integrate through the
wall thickness and thus calculate the heat absorbed, and this should then match the difference
observed between the two fluids. However, as was shown in the previous section, the
temperature profile is not accurately calculated in Flownex with only a few nodes through the wall
thickness. There is thus a heat flow error between what is actually absorbed and what the

difference is between the two streams.

To gain an understanding of this numerical error, a typical FWH sub-cooling section was modelled.
The feed-water stream consisted of 100 tubes in parallel of diameter 25mm and wall thickness of
2.4 mm. The mass flow of this stream was 100kg/s, and entered at 100 bar and 80 C. The
condensate stream was a single pipe of diameter 0.3m carrying water flowing at 20kg/s, entering
as a saturated liquid at 180 C. After 40s of steady state operation, the condensate temperature

was changed to 200C, saturated, and energy content of the HX observed.
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The pipe wall was discretized in the direction of heat flow as shown in Figure 2-30, and analysed
for different number of nodes. The heat absorbed at each time step was calculated by summing
the change in energy of each element of the discretized pipe wall, as shown below, using the

average element temperature.

t+At
T

absorbed Z (2‘46)

1

Feed-water side

1\ Qout

[

Qin
Condensate side

Figure 2-30: Typical discretised HX material with discrete temperatures.

The calculated heat was compared with the difference in heat flux from the two streams. A
difference between these two would indicate heat flow error due to the numerical discretization.

This difference is shown for the case of 20 increments in Figure 2-31.
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Figure 2-31: Heat energy absorbed (red) by HX and the difference of energy into and out of a HX.

The maximum error (in percentage) for increasing number of increments is shown in Figure 2-32.
It is seen that the error approaches zero as the increments are increased. The optimum number of
increments is a compromise between solution accuracy and computational time. This optimum
has not been determined in this study. However, the maximum error only exists for a very short
time after the immediate transient. For more gradual transients, as is expected in real plant
conditions, this error should be negligible. For this reason, a discretization of only two elements
was chosen. Also, because of the gradual transients considered in this report, a time step of 100ms
was found to be sufficient. But for faster transients it might be necessary to do a time step

sensitivity study.
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Figure 2-32: Maximum difference in energy absorbed and Q;,—Q,.., % difference for different increments.

2.5 Pressure Drop Correlation Review

The following sections look into the pressure drop correlations inside tubes for different flow

regimes, and on the shell side when the fluid is two phase and single phase.

2.5.1 Pressure Drop inside Tubes

The pressure drop in pipes can be categorized into primary and secondary losses. The primary loss
is associated to the viscosity of the fluid and the conditions of the tube wall, and is termed the skin
friction. The friction loss also depends on the flow velocity and geometry of the pipe, and was first

formulated by Darcy-Weisbach as:
(2-47)

The friction factor, f, can be determined from the Reynolds number for laminar flow and turbulent

flow [10]. The friction factor for laminar flow is given as:

g5 (2-48)

Re
For turbulent flow, the friction factor can be obtained from the Moody diagram or an empirical
formulation such as the one by Blasius [31]. Flownex uses the same correlation as given in
equation(2-48) to calculate the friction factor in laminar flow. The Blasius correlation is also used
in turbulent flow, and linear interpolation between laminar and turbulent is used to determine

friction factors in the transition regime.
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The secondary losses are due to disturbances to free flow of the fluid. These include the entrance

and exit of tubes, bends, valves, orifices, etc. and can all be quantified in the following form:
1 5,
AP:KEpv (2-49)

The value of K is determined experimentally for different cases. So, knowing the geometry of the

tube and, say, the bend radius then the value of K can be looked up.

m W
7 /
< <—
~ =~
K=1 K=0.5
a) Exit loss factor b) Entrance loss factor

Figure 2-33: Pipe exit and entrance losses to and from a large reservoir

A typical loss factor of 0.5 is used for blunt entrances, and 1.0 for blunt exits into a larger volume
as shown in Figure 2-33. These factors correlate well with the entrance and exit of the feed-water

tubes in the tube-sheet.

2.5.2 Pressure Drop on the Shell Side

In a general shell and tube HX, with no baffles, the pressure drop is mainly due to three factors.
Firstly, the frictional pressure loss which is a result of shear forces which are generated at the tube
wall-liquid interface, at the liquid-vapour interface, and at the tube-vapour interface. The other
two are the entrance and exit effects to and from the shell, and the momentum pressure drop.
Correlations for two-phase frictional pressure drop in shell of a shell and tube HX are not as well
understood as for flow in the tubes. The shell can be approximated as a tube and the effective
diameters and lengths of steam flow path used for analysis. The basis of two phase frictional
pressure drop is believed to have been set by Lockhart and Martinelli whom with their work were
the first to closely estimate the pressure drop and most researchers followed their method with
minor alterations [41] [42] [43] [44]. The approach is such that the two phase pressure drop is
equal to that which would be experienced either by the liquid or vapour based on single-phase

approaches, multiplied by a two-phase multiplier.

AP

fric = AB¢IZ (2'50)

40



Chapter 2. Literature Review

Where,
2fG*(1-x)
ap =G =X (2-51)
dp,
0.079
f=—" (2-52)
Re,

The pressure loss is calculated based on the liquid properties, hence the subscript /, but can
similarly be determined using the vapour properties. The two-phase fluid is assumed to be
homogeneous, meaning the vapour and liquid have about the same velocity. Hence there is no
subscript for the flow rate in equation(2-51). The superscript n is given as 0.25 as in the friction

factor expression of Blasius.

This pressure drop for condensing zone cannot be applied in this study as most parameters are not
retrievable from plant and depends on the quality which changes along the FWH. Fortunately,
FWH’s are often designed to have negligible pressure drop in the condensing zone, as this affects
the saturation pressure and temperature inside the shell. Hence the two-phase pressure drop will

be ignored and only the pressure on the single phase zones will be taken into consideration.

The pressure on the de-superheating and sub-cooling zones can be predicted from different
correlations as shown by Kakac and Liu [27]. From all correlations given, a somewhat more
practical method was suggested by Delaware [10]. The method assumes that the total significant
pressure drop can be attributed to three factors: the entrance sections, the exit sections, and the
internal sections which require knowledge of internal geometry. The internal pressure drop can
further be broken down into two components: the pressure drop due to the cross-flow over the
tube bundle and pressure drop in the window region as shown in Figure 2-34 and depends on the

baffle geometry more than anything.

Area of baffle window Baffle

4 N\ / N

Cross flow

Flow directions
\_ ) -

Figure 2-34: Cross-sectional view of a FWH showing baffles, baffle window and the flow directions on each segment.
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The cross flow pressure drop across two baffles which is given by:

5 0.4
APb = 2j:sNrows G_ & (2'53)
gp\ 4

The friction factor applied in this method is determined by using the Bell-Delaware curve for the

tube and pitch match under consideration and is mathematically approximated to be:

056

f,

Once again, detail knowledge of baffle geometry and the spacing between the baffles are needed

to properly calculate the pressure drop.

2.6 Level and Level Control in FWHs

Some level of condensate on the shell side is maintained to create a seal which avoids the blow-
through of steam into the drain pipe line. The condensate level also forms the sub-cooling section
in the FWH. The maximum heat transfer between the steam and feed-water occurs when the
largest tube area is exposed to condensing steam without allowing blow-through. If the heater
condensate level is higher than the design level, the condensing zone area will be less than the
required area to condense, resulting in reduced HX effectiveness. A relatively small change in level

in FWHs results in a greater change in heat rate, and hence the efficiency of the cycle [45].

The level in the shell has a maximum level it can reach with the heater still working. If this level is
reached, the heater is bypassed to avoid the possibility of condensate induction into the steam
turbine. A lower than accepted level of condensate results in high temperature steam going
through into the drain cooler, as a consequence some of the condensate flashes to steam. Thus,
tight optimum level is required for different load conditions for a heater to operate at maximum

efficiency [46].

Originally, displacement type level systems with mechanical-pneumatic controllers were used for
level control. With time, two main issues were found with them. Firstly, the nature of mechanical
level controllers required high maintenance due to the failure of elements like bearings, seals and
air supply components. Secondly, the varying liquid density of both the steam and feed-water

streams in a FWH creates significant errors in measurement with a displacer [47].

It is suggested in [47] that to eliminate some of the maintenance problems that arise due to
mechanical transmitters and controllers, new magneto-restrictive level transmitters can be used.
Also, because one is looking to control the level as steadily as possible even under adverse load

variation, the level can fluctuate but should stabilize as the heater acquires steady conditions for
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the new load. It is of high importance in FWH operation to fully understand the function and
importance of drains outlet control valve with respect to controlling the condensate level within
the heater [17]. The common mistake made by operators is opening the drain valve more than it is
required. The effect of this is the drop in pressure before the valve and a possibility of steam
flashing. When the steam flashes, the velocity of the fluid across the valve increases and possibility
of damage to the valve is high as it is designed for low flow rates and sub-cooled condensate, not

steam [17]. Figure 2-35 shows the position of the drain valve relative to the whole FWH structure.

Figure 2-35: Drain valve position on a FWH.

In modelling the FWH in Flownex, the orifice of the drain pipe component can be changed to work
as a valve. The orifice ensures controllability of the level within the shell. Depending on the
desired level, the orifice can open wider or close to extract more or less condensate from the shell.
Adding control loops was not part of this project, but the model would have ability to control the

condensate level within shell.

Another check that is commonly applied to track the level change is through the effectiveness of
the heater. This is done by checking the terminal temperature difference (TTD) or the drain cooler
approach (DCA) temperature. Figure 2-36 shows how the DCA and TTD are determined from the

temperatures of the two streams.

T
T4 1

Steam stream

T3
HPH 7
Feed-water stream

DCA=T,-T,

T
TTID=T,-T,

Figure 2-36: Illlustration of how the TTD and the DCA are determined from a typical heater.
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A decrease in the DCA is a result of the level increase for fully functioning FWH, and an increase in
the TTD is also a direct consequence of level increase. This relationship is shown in Figure 2-37

with the safe operating range for typical FWHSs also shown.

Figure 2-37: FWH level vs TTD/DCA [48].

2.7 Modelling Techniques

In modelling problems, one needs to make a good choice in the approach as there is always a
trade-off between complexity, accuracy and flexibility. The following section outlines the different
methodologies for building a model. There are generally three ways a model can be built: 1. White
box modelling, 2. Black box modelling, 3. Grey box modelling. The three techniques are explained

in detail below.

2.7.1 White-box Modelling

The model is constructed using scientific relations / first principles that fully describe the model
details [49]. The detail of this kind of model is high as it has to capture all the geometrical and
phenomenal aspects of the equipment. This kind of model is used when results of the model are

to be exactly the same as those of the actual process. Even though this approach is complex and

44



Chapter 2. Literature Review

requires large computing capabilities, it is very flexible and realistic. In reality, the “pure” white
box model does not exist as there will always be some approximations made [50]. Figure 2-38

below shows the flow diagram of the white box modelling.

inputs

l

First Principle relations

|

model

outputs

-

Figure 2-38: White box modelling flow diagram.

This approach is not widely used in the modelling of FWHs and in process modelling in general.
Only a few cases have been reported where only first principles were used to fully define a FWH
model. Laskowskia [51] made use of the mass and energy balance equations and Peclet’s law to
fully define a model of a simplified single zone and a three zone heater. Also, Hussaini et al.
[14]only used the first principle equations in defining the model for the allocation of areas on
different zones of a FWH. In the analysis of impact of fouling by Antar and Zubair [52], only the

first principles were used to build and analyse the model.

2.7.2 Black-box Modelling

Black box modelling is when transfer characteristic are inferred from inputs and outputs without
any knowledge of the actual process inside. Figure 2-39 shows the flow chart of how the black box

can be viewed.

inputs

outputs

Deduced model

relations

Figure 2-39: Black box modelling flow diagram.

45



Chapter 2. Literature Review

Azman and Kocijan [53] looked at the different types of black box modelling. They mainly looked
at the three types of modelling approaches: the artificial neuro networks, fuzzy models and the
Gaussian process models. The artificial neuro networks and fuzzy models are the most used
approaches and approximate processes from a universal point of view. Gaussian process models
are, on the other hand, probabilistic and non-parametric. It searches for relationships amongst

available measured data.

In places where the black box modelling is implemented in this thesis, it will be of the Gaussian

process models type.

2.7.3 Grey-box Modelling

It is believed that given any set of parametric class of models, one can find a model that fits the
given experimental data with minimum loss of accuracy of the process results according to any
given criterion [54]. The taxonomy of the grey box modelling relies on the fact that when making a
mathematical model of a physical object there are two sources of information, the response data
of the process in operation and prior knowledge about the object or process characteristics [55].
Both sources of information are used in the grey box modelling. In practical modelling, prior
knowledge may mean different things and it is not easy to incorporate it into the model with any
member of models assumed. Each member of models requires a particular form of prior
knowledge. To take prior knowledge into account, one can start with a flexible model and adapt its
freedom to fit in prior knowledge. From prior knowledge of the system, one can formulate first
principle relations to define physical, geometrical and phenomenological characteristics of the
system [56]. With process data, one can deduce relations that best define the system. Figure 2-40

shows a flow chart of the grey box modelling.

inputs

|

First Principle relations

Deduced model
relations

outputs

e

Figure 2-40: Grey box modelling flow chart.
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The grey box modelling approach has power over the other types because of the balance one gets
between complexity and simplification. This method was used in [1] to estimate the FWH
parameters. In his work, Barszcz comments on the novelty of the work as the method of utilizing
operational data to adjust phenomenological parameters of the model of a FWH derived from
physical laws. The grey box modelling approach was also used in [56] in modelling a FWH intended
for model-based diagnostics. In their observation Barszcz and Czop [56] report that in tuning the

model, one can adjust model parameters based on operational data.

2.7.4 Utilizing Prior Knowledge

The different ways of incorporating prior knowledge are looked at in greater depth in the next
sub-sections. The different branches outlined are considered to cover the main ways prior

knowledge can be used to model structures of physical systems.

a) Constrained Black-box Model
The constrained black box model makes use of a model whereby specific parameters are
constrained based on physical relations. This is because most of the time the linear black
box model may give inconsistent parameter estimations, hence this method is employed to
correct the inconsistency. The basis for this type of modelling is that a simple continuous
model can be transformed into a corresponding discrete time model and known
restrictions to the continuous model, such as process stability and step responses, can be
used to define limits placed on a discrete time model [49].

b) Semi-Physical Modelling
Most of the processes in industry possess significant nonlinear behaviour, and giving linear
relations for the black box model part would yield a poor correlation between the actual
process and the model behaviour. In some cases the first principle modelling is not
sufficient to model such processes, so it is possible to make use of some physical insight to
transform the inputs and outputs variables into new variables which are used as regressors
to develop a linear black box model [49]. The physical insight to the process is used for
nonlinear transformation of measured data [1].

c) Hybrid Modelling
The hybrid model is separated into two parts, a white box part, and in some cases grey box
part, which is modelled by means of first principle relations, and a completely black box
part, which is identified using operating process data. The black box can be incorporated
into the model either as a parallel or serial component. The serial method is used in cases
where a specific physical part of a process is to be modelled. While parallel approach is

used to extend an approximation of first principle model with a general black box part to

47



Chapter 2. Literature Review

compensate for any simplifications made in the approximated model. Figure 2-41 and

Figure 2-42 show the flow charts of serial and parallel approaches respectively.

Black box
model

Outputs

First principle —

Inputs model

Figure 2-41: Series Hybrid grey-box Modelling.

Black box
model

Outputs

Approx. First

Inputs principle model

Figure 2-42: Parallel Hybrid grey-box modelling.

The parallel hybrid model is presented in [57] and it also shows that the overall model
prediction is the additive combination of the output of the first principle relations and the
output of deduced relations and the deduced relations compensate for the residuals
between first principle relations and the actual process caused by inherent process
complexities. The trick is to have the approximate first principle model working properly,
otherwise the black box will misfit and the hybrid might perform poorly [49].
d) Mechanistic Modelling

In most cases, when a model is being built, some fundamental insight into the mechanisms
that underlies the behaviour of the process are available and relevant balance equations
can be formulated as a set of the first order equations. The main difference of this method

from others is that some of the known parameters are estimated and put in parametric
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form into the model and the errors are corrected by adding the black box part [58]. The
activity to develop a mechanistic grey box model is said to be an object oriented
procedure, which consists of basic modelling, experiments, estimations, expanded

modelling and modelling appraisal [49].

With the lack of internal geometry of the FWH and insight of the process phenomenon, the white
box model would not be sufficient. But with the use of some first principles and estimation of
other parameters the model was built and expanded accordingly. Hence in all the analysis of the

model built, the grey-box modelling approach is used and in specific the mechanistic modelling.

2.8 Previous Mathematical Models of FWHSs

This section looks at some of the relevant approaches which different authors took in the
mathematical modelling of FWHs and the physical implementation of the mathematics and
methodologies. The models will not be discussed in detail, but an overview of the models will be
looked at with the assumptions for different models also being outlined. Four models in specific
are of interest and were looked into. Two of the models were formulated by the same authors
[56] [1] and have similarities. They are therefore combined into one section and the differences

and similarities in the approaches outlined.

2.8.1 Juan-qun Xu Model [59]

The authors looked at four high level outcomes in their work, which were to:

e Model a FWH with three working zones using the dimensional analysis.
e Characterize the model when operating at low liquid level.
e Verify the proposed model with acceptance test data.

e Attain the best efficient level and be used to reset the operating level.

In the analysis, the HPH #1 of a 330MW plant was used for all results reported. The heater model
is separated into three parts: drain cooler section, condensing section and the de-superheating
section. Each section was analysed separately, with different methods applied in each section. In
the drain cooler section, the effectiveness-NTU method was used to calculate the heat lost by
condensate to the heat gained by the feed-water. Because the feed-water mass flow is an order
higher than the shell-side mass flow, it is assumed that the heat capacity ratio C, is insignificant

and is set to zero to give the simplified form of equation (2-25) of a single stream HX as:
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L
g = 1_e—NTU _ _sat drain (2_55)
Tsat - wa,in

The NTU is approximated to be a function of the feed-water mass flow rate and the average
temperature for the working heater pressure range. For the condensing and de-superheating
zones similar analysis is done with the Dittus-Boelter correlation used for the feed-water side and
the Nusselt integral method for condensation on tubes to get the HTCs. The outlet conditions of
the condensing and de-superheating zones are thus determined. Analysis on the level and how it
affects the overall heat transfer was then carried out. The effect of low level and level in general
was shown in terms of the drain cooler approach, and how it varies. Figure 2-43 shows how the

drain cooler approach changes with level.

Figure 2-43: Effect of level on overall heat transfer by drain cooler approach [59].

It was concluded that, at around 0.15m of liquid level for the operating range, a decline in level

significantly reduces the overall HTC, and this is evident in Figure 2-43.

2.8.2 Laskowski Models [51]

Laskowski [51] built two simple mathematical models of FWHs, one with just a single zone and the
other with three different zones. The models were based on the conservation of the mass and
energy, and Peclet’s law. Peclet’s law relates the relative importance of transportation of the
convective thermal energy to its molecular thermal energy [60]. It is however worth noting that in

applications like FWHs where the Reynolds numbers are very high, the Peclet’'s number is
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relatively high and the fluid conduction along the axis of the tubes can be neglected. The accuracy
of the models was tested against real plant data of a HPH supplied from a 200MW turbine. Some

assumptions were made in the mathematical model, and are listed below:

e No pressures drop on both streams of the heater.
e No heat loss to the environment.
e HTCs for each zone are constant.

The model is such that all other parameters of the FWH are known, except any chosen two. And in
their analysis the steam mass flow rate and the feed-water exit temperature were the unknown
variables to be determined from the model. Both models were implemented with characteristics
and parameters of a 200MW turbine in operation, and it was shown that the three zone model
was more accurate than the single zone model with reference to the real plant data. The model
showed that 75% of the heat is transferred in the condensing zone while the de-superheating and
sub-cooling takes up 5% and 20% respectively. The outlet feed-water temperature of the model

with three zones and the real data are shown in Figure 2-44 below:

Figure 2-44: Comparison of calculated and actual feed-water outlet temperature [51].

The results showed good agreement with real plant data, except for when the FWH is operating in
high temperatures as seen in Figure 2-44. The authors then suggest that the HTCs used should be
varied with varying Nusselt, Prandtl, and Reynolds numbers for more accuracy. The same

conclusion was given by Tan and Spinner [35] in their analysis of shell and tube HXs.
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2.8.3 Barszcz Models [56] [1]

Barszcz and Czop [1] looked into the mathematical modelling of a high pressure FWH for a coal
fired plant. The authors discuss some of the structural simplifications in building a model, how
some of the parameters can be estimated, and the dynamic validation of the model on Virtual
Power Plant (VPP) simulating environment. The author goes on to describing some of the
modelling techniques which arise from problems associated with dynamic modelling of systems.
Firstly, if fully analytical mathematical models are used, it gets very costly determining all model
parameters. Secondly, if fully data-driven models are used, then there is not a clear interpretation
of some of the internal process phenomenon. The approach in [1] is such that both approaches
are used in parallel to compensate one other. The model is tested against a heater supplied by a

225MW turbine. Some assumptions are made prior to system identification, and are given below:

e The pressure in the heater cavity is constant and is equal to the pressure of the bled steam
at the inlet of the FWH.

e The pressure of the condensate is constant and is the same as bled steam pressure at inlet.

e No heat conduction in the longitudinal direction of the pipe or the working fluids.

e There is no de-superheating section although superheat is accepted into the condenser
control volume.

e Geometry and high level properties are constant for a given scenario.

The transient model was a generalization of available steady states, and the HTCs found for
different loads were used to predict the trend of the system and as initial conditions. The model
assumes no de-superheating and the steam de-superheats in the condensing zone control volume.
There are then two control volumes and the mass and energy balance are performed on them.
The heat absorbed by the tube is also formulated assuming that there is no energy loss to the

atmosphere as follows:

dQW . .
:Qs eam_Q w 2_56
0t " 5 (2-56)
Where,
Q, = chlgWTW

In the extension of their work [56], Barszcz and Czop looked at all the three zones of the heater
but this brought about a loss in accuracy in predicting some of the model parameters. The
simulation times were also rated against real time to see which approach was more economical.

The basis of all mathematical analysis in both approaches is fully outlined in [61].
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3. Model Development

3.1 Overview of Model Development

This chapter looks at how the heat balances data is taken and converted into relations that can
then be used on Flownex model as inputs by just specifying one input. The parameters to be
converted that will depend on one variable are the high level inputs of the FWH and the heat
transfer characteristics of the different zones. The modelling approach taken in determining the
heat transfer characteristics on the condensing zone of the FWH is what was explained in section
2.7.3 as the grey-box modelling. The inputs and outputs of the process are known and some first
principle relations are used to predict the characteristics of the process. This is done without
knowing the little details of the process itself in a similar way as shown by Bohlin [55]. Also, from
technical data, the amount of tube mass is estimated from the knowledge of shell length and
diameter, and the typical diameter of tubes in a FWH. The FWH is separated into three different
zones and the heat transfer on each zone is determined from knowing the inlet and outlet
conditions, and estimating the saturation conditions. The heat transfer on the de-superheating
and sub-cooling zones is added straight to the feed-water as heat input. But for the condensing
zone, the overall HTC is inferred from the heat transfer obtained from plant performance data.
The overall HTC is split into the two convective parts and a conductive part. The conductive part is
not accurately determined as the linear formulation is used instead of the radial one due to lack of
detail. The convective HTC cannot be accurately determined on both streams as the real geometry
is not known, so a typical ratio of the outer to the inner HTC based on correlations introduced in
section 2.3.2 is determined using typical geometry and working conditions of HPHs. The obtained
average ratio is then used for all load conditions to get the two HTCs. The method of application of
heat transfer in the de-superheating zone on the model is the black box modelling outlined in
section 2.7.2. The FWH model is described by showing all components, their inputs and the
significance of such components towards the model as a whole. The model is then explained as a
whole working in steady state and in transient. The initial state settings of each state are also

outlined.

3.2 Operating conditions

To illustrate the methodology followed in modelling the FWH, the Kriel HPH 7 is used as a case
study. Kriel power station was commissioned in 1979 and was largest coal fired station in the
ESKOM fleet at that time. It consists of six 500 MW units shown in Figure 3-1 and only unit five has

the right instrumentation to give sufficient information on the feed-water heating system.
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Figure 3-1: Kriel power station [3]

The HPH 7 is also shown in Figure 3-2 on the heat balance with its location relative to the
complete power generation cycle also indicated. And the high level inputs used in the FWH model
are taken from the heat balance. The enthalpy reported on the heat balance could not be used to
predict other parameters like pressure because pressure is very sensitive to enthalpy change. It
was therefore concluded that using mass flows, pressures and temperatures only would be
sufficient to fully define the FWH model.
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Figure 3-2: Data from heat balance of Kriel power station

The operating conditions of the model are given in Table 3-1. The operating conditions were

converted to trends to predict for conditions in between given load conditions. This will be shown

in section 3.7.

Table 3-1: Inlet conditions of the HPH 7.

Load Steam Steam Feed- Feed- Feed-water Bled Condensate | Feed-water
condition | temperature flow water water temperature steam temperature | temperature
(°C) (kg/s) flow pressure (°C) Pressure (°C) (°C)
(kg/s) (Bar) (Bar)
40% 268.8 8.632 168.283 172 171.1 13.61 194.3 196.4
60% 277.4 15.194 251.322 184 186.9 20.38 213.3 215
80% 286.5 23.145 334.565 199 198.5 27.09 228.1 229.2
100% 296.6 32.037 415.662 213 207.8 34.07 240.9 240.8
Full Load 297.2 33.032 424,143 214 208.6 34.75 242 241.6
(105%)

3.3 Determining the Heat Transfer Characteristics

To understand the heat transfer and energy flow across the HX material of a FWH, first the steady

state analytical calculations were carried out using data from the acceptance tests. The main aim
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is to extract the data to quantify the overall HTCs and pressure losses using analytical methods.
These are then applied to a FWH model on Flownex with the same input properties as those used
in the analytical solution method. The aim is for the Flownex model, which is numerical software,
to produce outlet properties of both streams to be the same as given in the data thus validating
the methodology and application of the HTC on the Flownex FWH model. The preceding analysis is
a general methodology and can be applied for any horizontal FWH but for illustration purpose a

specific heater was analysed in this report, the Kriel HPH 7.

Heat Transfer Characteristics Determination

The steam on the shell side has to de-superheat, condense and then be sub-cooled before being
cascaded out to the next lower heater or pumped into the feed-water line. The feed-water on the
tube side absorbs the energy from the steam and increases the temperature as a result. Figure 3-3
shows a typical temperature profile of the steam and feed-water for the three zones of a FWH as

indicated.

A
: T _—> 3 Flow direction
T . sat
i - 5
8 | Steam stream
Feed-water stream
De-superheating zone Condensing zone Sub-cooling zone

Figure 3-3: Temperature profile of a typical three zones FWH.

The shell side HTC changes drastically from zone to zone. This is because the fluid on the shell side
changes states and the properties change. Also, the effective path diameter and velocities change
on the different zones on the shell side [7]. So determining the total HTC for all zones on the steam
would not give a good representative of the three zones FWH as the HTC would be dominated by

the highest of the three. To get accurate heat transfer characteristics, the heater is split into
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parts/zones. In the analytical solution, only the overall HTC for the condensing zone is determined
because it generally carries more of the heat duty, 85% or more [52]. The de-superheating and
condensing zones are incorporated into the model as heat lost on the steam side and heat gained
on the feed-water side. The sub-cooling heat, as will be shown in the calculation in Appendix A, is
insignificant to the overall energy for the Kriel HPH 7 but for modelling purposes its significance

will be included and explained in section 3.6.

The steam enters the FWH from the turbine with superheat for all HPHs in coal fired plants and
the first stage is the de-superheating zone. It is assumed that there is negligible pressure drop on
the shell side for the preceding analysis. This was seen not to affect the performance of the model
by Barszcz [56] and the inlet pressure is assumed to be the same pressure as in the cavity. To get
the amount of energy that is lost in the de-superheating zone, the enthalpy of the steam when it

reaches saturation (quality is 1), is determined from the inlet pressure at point 1 in Figure 3-3.
hs, :f(Psat'X:l)

The enthalpy of the steam as it enters the FWH is almost always readily available or can be

obtained from other measurable parameter (pressure and temperature). So knowing the enthalpy

of the steam as it enters the FWH, the enthalpy as it exits the de-superheating stage, h,, and the

mass flow rate makes it possible to determine the amount of energy the steam loses at any load

across the de-superheating zone. The amount of heat energy is therefore given as:

Qdes = m(hsl - hsz)

Where h, is the steam enthalpy as it enters the FWH. The energy for each load characteristic is

determined using above relation and a plot of the de-superheating zone energy vs the feed-water
mass flow is created as shown in Figure 3-4. This is to estimate the other loads, not reported,
based on the reported load characteristics. The maximum capability load is also included and the
de-superheating energy is assumed 0 MW for 0 kg/s mass flow in creating the trend of the de-

superheating energy.
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Figure 3-4: De-superheating energy vs feed-water mass flow rate of HPH 7.

The total heat lost by the steam in the shell across all three zones can also be determined by

knowing the steam outlet and enthalpies for different load conditions, and is given as:

Qtota/ = m(hsl - hs4)

The energy extracted from the steam during condensation is the energy extracted at constant
pressure to get the steam from quality of 1, as it exits the de-superheating zone, to quality of zero,

i.e. from saturated vapour to saturated liquid. The enthalpy can be determined by knowing
pressure and quality as already shown above in obtainingh,,; therefore the energy lost in the

condensing zone is given by:

Qcond = m(hSZ - hs3)

The difference between the total heat lost by the steam and heat lost in de-superheating and

condensing zones is the heat lost in sub-cooling zone.

qub = Qrot B (Qcond + Qdes) (2'57)

The temperature of the feed-water at the outlet without de-superheating stage (i.e. at point 7 in
Figure 3-3) is calculated by first determining the enthalpy at that stage. This is done by assuming

that all the energy lost by the steam is transferred into the feed-water at the de-superheating
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stage and the enthalpy of feed-water at outlet of FWH, point 8 in Figure 3-3, is given or obtainable
from other outlet conditions. It is also assumed that the pressure drop on the feed-water side is
also negligible. The enthalpy and temperature of the feed-water at point 7 in Figure 3-3 are

determined as follows:

h, =h, _%

msw
T7 :f(h7rPfW)

In a similar manner, the temperature of the feed-water as it enters the condensing zone is
determined. But in this case it is from knowing the enthalpy of the feed-water as in enters the

FWH at point 5 and the sub-cooling heat transfer from equation(2-57).

Knowing the exit and inlet temperatures on the condensing zone shown in Figure 3-5, and the
heat lost enables for usage of the LMTD method to get the overall HTC for the condensing zone.
Because the details of the tubes are not fully known, and hence the condensing area is not known,

the HTC is combined with the area and UA is determined instead of just U.

Steam stream

Flow direction
—

Condensing zone

Feed-water stream

>

Figure 3-5: Condensing zone temperature profile.

UA — Qcand

(2-58)

(L,-T)-(-T)

In 77—2_7—7
=T
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The initial model is built without consideration of the effect of conduction resistance in the overall
HTC, and the overall UA value is split into the steam side and feed-water HTC. A sample calculation
for the typical HTCs on both streams using correlations outlined in section 2.3.2 was carried out to
estimate the ratio between the two sides. The calculations are shown in Appendix B. Also, typical
film HTC value of condensing water vapour over tube bundle is given to be in the range 5500 —
17000 W/m?K. And, for water in tubes it ranges 1700 — 11000 W/m?K [62]. This gives a ratio of the
shell to the tube side HTC of up to 10. Further research is needed to get the range of film HTC for
the FWHs and not just the typical HXs. The HTC on the tube side was then determined with the
knowledge of the overall HTC and the assumption made on the feed-water HTC that it is a factor,

FX, times more than the shell side HTC as follows:

hA,,. =FX-hA,,
-1
1 1

UA= +— (2-59)

hAsheII hAfw

UA-(FX +1)
hA,, =———

FX

Advancement to the HX analysis was made to include the heat conduction in the analytical

solution for the convective HTC. The overall HTC now comprises of three components, which are:

1_1,.1 1
UA hA h,A KA

The conductive resistance is determined by taking the average area, A, of the typical HPHs from
specifications [63] and reports from the Kriel power station. The thermal conductivity of stainless
steel was extracted from the Flownex material library at temperatures of operation. This was

similar to what is reported in the design books [64] [65].
The conductive resistance is defined in section 2.3.1 as follows for linear conducting elements:

kA

cond =
L

R

In a similar way as demonstrated for a case without conduction, the convective HTC is split into
internal and external parts after removing the effect of conductivity on the overall HTC. And
different internal and external HTC are obtained. The conduction part removed is estimated using
the flat plate formulation whereas the tubes are circular. This brings about a small error in the

conductive resistance determination.
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3.4 Thermal Mass Determination

The thermal mass of tubes and headers is the most important factor when the working conditions
of the FWH are changed regularly. The amount of mass within the shell determines the amount of
time it takes and energy required from one steady state to the next in operation. Therefore
qguantifying this mass and correctly applying it in the model is a necessity. The amount of mass
within the shell can be obtained from the drawings and dimensions of the heaters. The mass of
tubes can be estimated provided the tube thickness is known. In [63] the total mass, including the
outer casing mass, of the heater is given but in this analysis only the mass of the tubes are
considered as the shell mass does not contribute much in transients. Table 3-2 shows some of the
geometrical data of a HPH 7 with the total heating surface area also given. In all the analysis, the
density of the tubes is taken to be 7850 kg/m3.

Table 3-2: HPH 7 shell geometric data [63].

Total vessel length 10830 mm
Vessel diameter 1750 mm
Surface Area of tubes 789 m’
Dry weight 40500 kg

The number of tubes in a HX is mainly dependant on the fluid flow rates inside tubes and available
pressure drop. The limits on velocity are 0.9 m/s, below that there is a high risk of fouling, and 2.4
m/s is the higher limit, where above it is a risk of tube erosion [12]. Also, area requirements for the
required heat transfer may determine the number of tubes employed in HX. However, for a given
shell with dimensions, Kakac and Lui [27] suggest that a maximum number of tubes that can be
fitted in a shell can be approximated as a function of the shell and tubes diameters. This is done by

dividing the projected area of tube layout by single tube.

CTP\ 7zD?
N, :( j o) (2-60)
CL )4(PR)*d.

CTPis the tube count calculation constant accounting for the fact that the tubes do not fully cover
the entire shell circumference due to necessary clearances between outer tube and shell. The CTP
value for a two tube pass HX is given to be 0.9 [27], i.e. 10% clearance. CLis the tube layout
constant and depends on the angle of tube layout. Most of Eskom FWHSs in place have tubes in 30°

layout and for this layout a CLvalue of 0.87 is used. PR is the tube pitch ratio to the diameter and
ranges from 1.25 to 1.5 for all HXs and is defined as shown in equation (2-61) [12] [27]. D, and d,

are the shell inner diameter, and tube diameter respectively and P, is the centre distance of

adjacent tubes.
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PR=-T (2-61)

Figure 3-6 shows other tube layouts with the flow direction indicated for all cases. The pitch length

is shown on the 60° triangular pitch and is found in a similar way for other layouts.
OO0 O ,\
Q O Q Q — Cl=1

Square pitch Square pitch rotated 45°

O OO0
® Q O aos

Flow direction

Triangular pitch 30° Triangular pitch 60°
Number of passes CcTP
1 0.93
2 0.9
3 0.85

Figure 3-6: Summary of the tube layout in HXs and the accompanying characters in tube count analysis.

The standard internal tube diameters for HXs are 19.6 mm and 25 mm, and most of Eskom HPHs
have the 25 mm tubes [63].
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D CI'cube

Figure 3-7: Schematic drawing of a FWH indicating dimensions and the clearance of tubes to the end cap.

Figure 3-7 shows the dimensions of a shell and tubes in a FWH, and the clearance between tube
bend and the end cap of the shell. About 10% of the shell length is left between the tube bundle

and the shell end-cap to allow for thermal expansion [10].

Table 3-3: lllustration of tube mass determination showing required parameters.

Ds (m) LS (m) CTP CL di (mm) ttube (mm) Nt I-tube (m) Mass (kg)
v v v v v
v eqn(2-60) | 90%L,
1.5 10.83 0.9 0.87 25 2.4 1290 9.747 18605

Table 3-3 shows the inputs and the resulting estimate tube count, tube length and eventually the
mass of tubes for the HPH 7. From Table 3-2 it was reported that the heating surface area for the
FWH is 789 m?. This is used with the tube thickness to get the real mass of the FWH tubes to see
how good the approximation method is before applying it to the model development. The actual
mass was calculated to be 14864 kg. It was therefore seen that the mass reported in Table 3-3 is
an overestimate. The 10% clearance on the tubes and end cap is for the outer longest tube. This
means that there are other tubes which the 90% L; shown in Table 3-3 does not hold and needs to
be accounted for. The shortest inside tube can be estimated to bend at the centre of the bundle,
about a shell radius away from the outer tube. Another factor not taken into consideration is the
fact that the tubes do not extend to the end of shell at inlet and exit of tubes. Taking both this two
factors into consideration yields the average tube length of about 75% L.. The mass of the tubes
was calculated with this new assumption and was found to be 15504 kg. The error after taking this
into consideration is 4.3% compared to the initial one of 25.1%. The same estimation was done for

a HPH 6 using dimensions given in [63]. The mass found using the number of tubes estimated was
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found to be 14172 kg while the real mass using area was found to be 13018 kg and an error of
8.8%. The mass obtained from the method of Kakac is higher because the number of tubes

estimated is the maximum that can be fitted and not exactly what is fitted into a shell.

The mass is incorporated into the model as the area and the thickness as seen in Figure 3-20.

3.5 Pressure Drop Determination

The pressure drops in the tubes and on the shell side are not reported for the data that was made
available. So there is no methodology for determining this pressure drop from data. Therefore, the
model is built with negligible pressure drop on the shell side. The pressure drop in the tubes is
only attributed to the frictional pressure drop for smooth tubes, and the inlet and exits of tubes.

The implementation of the pressure drop will be shown in section 3.6.

3.6 Detail Model Description

This section looks at the model components and their significance in building up the entire FWH
model. The inputs will be described in each case with the simplifying assumptions in some cases.
The model description will be separated into three sections; the de-superheating, condensing and

sub-cooling sections of the heater. The model will be presented for the HPH7 at a 100% load case.
Model Assumptions and Limitations

e No pressure drop in the analytical determination of the HTC, but model built with pressure
drop (negligible compared to absolute pressures) on both streams to allow for flow.

e The heat energy (transfer) on the shell side can either be removed from a flow resistance
element or node before it. It would not make any difference as there is no length
associated with the shell side. On the other hand, the heat energy has to be transferred
and distributed along the tube length. And all heat transfer elements have to be connected
to the pipe elements on the tube side.

e The shell material is assumed to not take part in the heat transfer, either for steady state
or transient scenarios.

e No heatis lost to the atmosphere in developing the analytical model.

e The model has level control capabilities, but there are no control loops in place.

e The analytical model is realised for 40% to 100% load, and the Flownex model is expected
to give credible results for the same range. Below 40% the model can still produce results
as all trends were made to range from 0% but may not be as accurate. This is because

there are no working conditions reported for conditions lower than 40%.
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¢ No significant heat energy determined from analytical model on the sub-cooling zone, but
some heat energy is removed on the Flownex model to avoid flashing of the condensate

back to steam.

Figure 3-8 shows the three different parts that will be described in this section circled with three

different colours on the complete FWH model.

De-superheating zone

Condensing zone

Sub-cooling zone

Drains pipe

Next heater

Figure 3-8: Complete transient model of a FWH showing with three different zones.
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De-superheating component

In section 3.3, the de-superheat energy for various loads was determined analytically. The heat
energy is removed from the bled steam and added to the feed-water on the de-superheating
zone. The shell side of the de-superheating zone is modelled as a flow resistance element with a
relatively large flow admittance so as not to create any significant pressure drop. Figure 3-9 shows
the de-superheating zone shell side component with the inputs options. The heat input to the
shell is specified as negative under inputs, and at 100% load in steady state was found to be 5445
kW and is shown in Figure 3-9. The Excel component changes this value according to the curve-

fitted data as a function of feed-water mass flow shown in Figure 3-4.

= Resistance Data -
=I Flow Resistance Definitions
Flow resistance ... Quadratic El
Indude density .., Mo E'
Flow admittance 2
Admittance scali... 1
I Discretization and Differencing Schemes
Mumber of incre... | 1
Discretization sc... | Upwind E' E
Heat transfer element = Volume and Inertia
Volume 0 m3 B
- Operational Inputs
Opening 1
-/ Heat Transfer
Heat input -5445 kw El
= Geometry El —|_ Eivad Mnd i
Geometry option Specify geometry =
wall thickness 2.4 mm %l Inputs ]
Length 2 m
= Options l@ Results ‘
Cross sectional ... | Diameter El
Variable area No [=] o
I Inlet Shell side inputs
Diameter 25 mm [ |
= Losses
Roughness option Select from data.. El
Tube side inputs Roughness selection [
Primary loss type Darcy Weisbach El
Roughness 40 pm E|
K value based on m... Yes El
Different reverse &.. MNo E|
K forward 1 s
= Discretisation
Mumber of increments | 1
Mumber in parallel 348
- Orifice
Orifice diameter ratic | 1
[ Inputs

Figure 3-9: De-superheating zone showing both inputs of shell and tube sides.

The volumes of all flow resistance elements are set to zero to ensure that the full volume of the
shell side can be accurately accounted for in the two-phase tank where the condensate collects.

The tube side is modelled using some of the geometry from Table 3-2 and the pressure drop is
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estimated from the working mass flow. This is done by specifying the tubes roughness and loss
coefficient, k, value which is specified as 1 as seen in Figure 3-9. The coefficient is for the flow

exiting to a larger diameter as the feed-water leaves the FWH.

The number of pipes used in the model is estimated from using typical FWH tube diameters given
in section 3.4 such that the design point flow is possible in the number of pipes chosen. So the
number of tubes can always be adjusted to accommodate flow of the FWH being modelled. The
heat input is specified as positive for the tube side because energy is being added. The data
transfer link is used as a heat transfer element in the de-superheating zone as also shown in Figure
3-9. The link takes the value of heat specified to be lost in the steam side and adds it on the tube
side. The downfall to using the data transfer link in transient situations is that the effects of
thermal mass are not captured. However, in the steady state mode operation, the properties at
inlet and outlet of the de-superheating zone can still be accurately predicted as the thermal mass

plays no significant role in steady state operation.

Sub-cooling zone

In the analytical determination of the heat energy transfer in the Sub-cooling zone, for the Kriel
HPH 7, it was found that there is insignificant heat energy transfer from the heat balances used.
However for modelling purposes, it was included in the model to avoid “flashing” of the saturated
liquid as it flows in the drain pipes. The sub-cooling zone is modelled as flow resistance the same
way as it is in the de-superheating zone. The only difference in this case is that the amount of heat
that is removed from the saturated liquid on the shell side. The heat to be removed was estimated
from the maximum load working conditions such that the saturated liquid in the pipes does not
flash back into steam for the given flow rate. The same amount of heat energy is removed from
the steam side for other plant load conditions because it was found that adding that amount of
energy to the feed-water does not change its temperature significantly. The data transfer link is
also used as a heat transfer element as shown in Figure 3-10, taking the energy lost on the shell

side and adding it to the tube side.
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Heat transfer link
For sub-cooling

Figure 3-10: Sub-cooling zone with the data link as heat transfer element.

The tube side pressure drop is attributed to the roughness of the tubes and the entrance loss
coefficient to the tubes. The loss coefficient is specified under the ‘k forward’ option in the similar
manner as in Figure 3-9, but for entrance the loss coefficient is 0.5. Coupled to the sub-cooling
zone is the level of liquid in the shell side and this is modelled as a two phase tank between the

sub-cooling and condensing zones as shown in Figure 3-11.
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Two Phase Tank - 103 (Two Phase Tank) ... - 11

]84

Geometry option Spedfy volume Ill

Yessel shape Cylindrical horizontal El

Yolume 5.66 m?3 El

e L.75 m v Condensing zone

Cylinder haz endcaps Mo El

=l Connection Geometry

Connection spedfic... | Spedfy volume fracﬁu:uEl 82
=l Connections Click here to edit... [u.]
= o]
=l Connection
Specify Yes
Description Flow Resistance - 32
Fraction 1
=[]
=l Connection
Spedfy Yes [
Description Flow Resistance - 107
Fraction ] 107
- Heat Transfer — Sub-cooling zone
Inputs

Figure 3-11: FWH shell and inputs required in the model.

Both the volume and the diameter are entered as inputs of the shell. The volume of the tank
cannot be specified as total shell volume as some of the shell volume is occupied by the tubes. To
get an approximate volume to be occupied by steam and level of condensate, the correlations
used in section 3.4 are applied to determine the free volume. This is done by taking 10% of the
outer clearance volume and the 13% of the remaining 90% due to tube arrangement added
together. The total shell volume was found to be 26.049 m? yielding free volume of 5.66 m>. Even
though this approach does not give a good enough level change approximation, it sets a starting
point in understanding the effect of submerged tubes and level variations in a FWH. The dynamic
heights are taken into consideration by specifying the inlet of the steam to be at the top of the
shell and exit at the bottom. In steady state solving the level is maintained by specifying the
qguality of steam within the shell, and this gives the ratio of the steam to liquid. In transient
situations the pressure and quality are specified for the shell cavity to initialise the model and are
then turned off as the simulation is started to let the dynamics be controlled by the fluids and heat

transfer properties.
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Condensing zone

The condensing zone is the most critical in the model as it has most inputs that depend on the
analytical solutions determined in section 3.3 earlier. On the shell side, like all the other zones, the
flow resistance element is used to exclude the volume effects. The only difference is that there are

increments specified as shown in Figure 3-12 below.

- Connected Nodes -
|pstream node Mode - 25
Downstream node Mode - 23
= Fluids
Fluid data reference Water| General (Two Phase Fl...
-/ Resistance Data
= Flow Resistance Definitions
Flow resistance behaviour Quadratic El
Indude density variation ef... Mo El
Flowe admittance 20
Admittance scaling factor 1
Mumber of increments 20
= Volumi ; £
Volume i} m? El

Figure 3-12: Condensing zone shell side inputs.

The increments are so that the temperature profile of the feed-water, on the tube side, across the
condenser is close to realistic one and is not just a straight line from inlet to outlet temperature.
All components that form the condenser are then to have the same number of increments. So the
shell side of the condensing zone also has 20 increments as a result and all other inputs are the
same as the tube side. The length of the tubes is estimated based on the length of the shell length.
Even though the length might not be important with respect to the condensing area, it is still
necessary to accurately capture the frictional pressure drop. In the condensing zone, only friction
contributes to the pressure loss since it connects the other zones and there are no inlets or exits.
The shell and tube sides on the condensing zone are connected by a heat transfer element as

shown in Figure 3-13 and the heat transfer characteristics are set as inputs.

Shell side

Tube side
Figure 3-13: Heat transfer element connecting shell and tube sides.
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The overall HTC of the element has three components to it; the internal tube convective HTC,
tubes conduction, and the shell side convective HTC. The tubes conduction inputs are shown in
Figure 3-20 and are the same for all load conditions. The conductivity was seen to vary with
temperature but does not to change significantly, + 3 W/mK, in the operating range. The 100%
load conductivity was used for all load characteristics, when the tubes are at 240 C. The external
HTC was chosen to be ten times (FX=10) more than the internal HTC for all load characteristics and
varies as determined in section 3.3. The HTCs were determined combined with the area and in the
inputs of the heat transfer element the convective areas are specified to be 1 m? as shown in
Figure 3-14.

Figure 3-14: Convection HTC inputs on a condensing zone.

This implies that the HTC is input combined with the area under the convection coefficient option
by specifying it to be constant in the dropdown options. The analytical solutions are presented in
the Appendix A.

Once again the Excel component drives the HTC for different feed-water mass flows.

High Level Inputs

The high level inputs for the heater are the inlet properties of the two streams of the FWH and
were obtained from the heat balance of the Kriel HPH 7. They are not necessarily part of the

model, but are properties from other systems if the FWH was connected to a whole power plant
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model. These inputs are driven by an Excel component which uses as input the plant load

condition.

Bled steaminlet

34.07 Bar
2972.3kl/kg

214.5 Bar 297.2°C

424.143kg/s 33.002 kg/s

1048.9 kl/kg 208.6°C Feed ol

] HPH 7 <—— Feed-water inlet
899.4 kl/kg
241.6°C

1047.0kJ/kg
242.0°C

Figure 3-15: Typical HPH 7 high level inputs and results.

Figure 3-15 shows the inlet properties of the shell and tube side presented as vertical and

horizontal lines with arrows respectively for maximum load capacity.

In steady state, the inputs are set under the boundary conditions element at both the shell and

tube inlet. The shell side inlet conditions are shown in Figure 3-16 to demonstrate.

-I General
Identifier Boundary Condition - 0
Solving 7
Description

- Boundary Conditions
Pressure boundary condition Fixed on user value E
Pressure 34.07 bar E
Temperature boundary condition | Fixed on user value E
Temperature 297.2 =C E

Figure 3-16: Inputs to the shell side inlet properties.

For every load condition, the high level inputs are set and not altered in solving for the steady
state scenario for a given plant condition. This is not the case in transient situation where

characteristics are changing depending on the demand of electricity. On a whole plant point of
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view, the feed-water mass flow can be seen as the driving factor in determining at what load the

plant is operating.

Steady state model

De-superheat correlation

Heat transfer coefficient

De-super heater )
correlation

condenser

Sub-cooler

Drain pipe with valve

Figure 3-17: Steady state Flownex model of a FWH

Figure 3-17 shows the steady state model of a FWH on Flownex. For any steady state working
condition to be investigated, the high level inputs have to always be specified for that condition.

The amount of de-superheat to be extracted from the steam is determined from the relation given
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in Figure 3-4 by reading up the feed-water mass flow rate using the “links” as shown in Figure
3-17. The internal and external convective HTCs on the condensing zone are also scripted in the
excel component and change with different load conditions. For every load condition specified by
the “USER”, the designer function on Flownex is set up. This is to determine the amount of steam
mass flow required to fully condense in the condensing zone for the given heat transfer
characteristics. The Flownex designer function is used to adjust an orifice in the drains-pipe to
allow the correct amount of bled steam associated with the heat load inside the heater. This is
similar to the controller changing the value in practice such that the level in the tank stays
constant. For all cases in the steady state Flownex model, the pressure in the next FWH is
assumed to be 100 kPa below the inlet pressure to drive flow. In a complete process model, this

pressure will be determined by the receiving heater.

Transient Model

The transient model high level inputs can change depending on the feed-water mass flow. This
then changes the heat transfer characteristics in the heat transfer element in condensing zone
according to Figure 3-22. The heat transfer on the de-superheating zone is also driven by the
amount of feed-water mass in a similar way as for the steady state. The bled steam mass flow into
the FWH is determined by the heat transfer characteristics and the pressure drop at the heater
inlet. Depending on the heat duty on the condensing zone, the FWH extracts enough steam such

that it leaves the zone fully condensed.

The model has to be solved in steady state to initialize the transient. In this steady state, the
qguality inside the shell is specified and the pressure at the exit of the drains line is set as the
pressure of the next heater, HPH 6. The drain pipes to the next heater have a non-return valve to
prevent the flow of condensate back into the shell in case of malfunction. The same valve is put in
place in the pipeline that carries bled steam into the FWH to prevent blow back of steam back into

the turbine. The transient model of a FWH is shown in Figure 3-8.

When running transients, the quality of the tank is released and the level changes depending on
the characteristics of the FWH and plant as a whole. To maintain the level within the tank, a valve
(orifice) in the drains line can be manually opened slightly to lower the level or closed to increase
the level of condensate in the FWH. The changing of the orifice allows for more or less mass to
flow out of the shell per given time. In this model the exit properties of both streams and the

condensate level variations are monitored and compared to data.
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3.7 Pre-processing Results and Model Implementation

The high-level inputs for the transient model have to be converted into some form of polynomial
correlations that are a function of the feed-water mass flow as mentioned in section 3.6. From the
working conditions of the heater at different loads, trends are predicted for each property using
regression analysis. The estimate of coefficients of the functions for the different properties is only
up to the second order. In some cases the coefficient of the second order is so small that it can be

neglected, and leaving out the whole term does not change the accuracy of prediction.

The parameters are defined in the model inputs and for different heaters different coefficients will

result and the user can manually adjust the coefficients of correlations accordingly.

The feed-water mass flow is the main parameter that changes with the load and all the other

parameters are driven by the changing mass flow.

The sub-cooling heat was found to contribute less than 0.5% of the total heat in the analytical
solution for the Kriel HPH 7 and not including it in the model/analysis would not change the output
results on the Flownex model. Also, from a temperature point of view, the difference between
the condensing temperature and drain temperature was found to be about 0.1°C for all loads,
hence not significant heat is transferred at the sub-cooling section for the HPH 7. However, as
already explained, there is a certain amount of sub-cooling required to avoid flashing and resulting
in numerical instabilities. A fixed sub-cooling load of 800 kW was therefore added. This does not

affect the outlet properties of both streams significantly.

The HTC calculated in section 3.3 on the condensing zone was tested on Flownex for a 100% load
condition with the overall HTC split into two convective parts as shown in Appendix B. The
superheat is extracted from the steam stream before it goes to the condensing zone in this test.
The model on Flownex is initially implemented without the layers across the HX as a conductive
medium. Figure 3-18 shows the inputs of heat transfer element and the highlighted layers option

is left empty to exclude effects of conduction.

- Conduction -
Conduction areas Spedfy area E|
Area upstream surface 789 m? El
Layers Click here to edit... [
Area discretization scheme Standard (average areas) El

Figure 3-18: Inputs of the heat transfer without conducting layers.

The model produced quality at inlet and outlet of 1.001 and O respectively as seen from Figure
3-19. The energy content across the HX element shown in Figure 3-19 compares well with the one

determined analytically in Appendix A for the 100% load case.
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Figure 3-19: Condensing zone section showing inlet and outlet quality, and heat energy without conduction

For illustration purpose the thickness of the HPH 7 given in [63] is used to demonstrate the effect
of adding a conductive medium/layer. However, this does not necessarily mean all heaters are of
the thickness specified and can readily be changed in both the analytical solution and Flownex
model. The conductivity resistance of the whole tube bundle was found to be 1.742 x 10°® W/K.
The new convective HTC is determined with the effect of conduction and the same assumption of
the feed-water to shell side HTC ratio in Appendix B is used. The overall convective HTC is then
obtained to be 6.4281 x 10° W/K compared to the 4.52985 x 10° W/K where there was no
conduction. The conductive resistance is incorporated into the model by adding “layers” in the

heat transfer element as shown in Figure 3-20.

- Layers Click here to edit... [ee] =
= 0]
Description
= Geometry
Thickness in element ... | 2.4 11| El
Thickness in cross dir... 1 m El
Mumber of nodes 20
Area downstream sur.., | 789 m? El
=l Material Data
Material option Select from data reference E|
Material major conduc,., | Parallel El
Material Carbon Steel - AISI 1010] Met. ..
Area discretization scheme Standard (average areas) El
- Configuration N

Figure 3-20: Inputs to the conductive layers option.

Adding the “layers” for conductivity and adjusting the HTC in the condensing heat transfer
element to the newly obtained one yield the same results as those without conduction in terms of

the quality and energy content transferred across as can be seen in Figure 3-21.
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Figure 3-21: Condenser section showing inlet and outlet quality, and heat energy with conduction.

The analytical solution, for all load characteristics available from plant data and acceptance tests,
of HTCs is given in Appendix A with all assumptions as described above. The above analysis shows
that Flownex takes the effect of conduction into consideration through addition of layers, and

accurately predicts its effects.

From the results obtained on the HTCs for different load characteristics of the power plant, a
graph is plotted as shown in Figure 3-22 to relate the heat transfer to the feed-water mass flow
rates. For graphical purposes, the HTC at maximum operating point is included and is at 424.143
kg/s.
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Figure 3-22: Feed-water side HTC varying with load.
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Four operating points were used to predict the behaviour of the tube side HTC. From literature in
section 2.3.2 it was shown that the HTC on the tube side takes the power law form in terms of the
flow rates and a power law fit was done on the four points as shown in Figure 3-22. The resulting

correlation for the HTC was found to be:

h

Tube

=3.549x10°m,, '

The most important aspect in the analysis of the HTCs is that the tube side convective HTC does
not exactly follow the expected trend. This is because it is made to depend on the outside shell
HTC which is assumed to be just a multiple of it in this analysis. However, it is expected to take
form of the overall HTC which would still be of a power law form but distorted due to the bit of
effect by the shell side HTC.
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4. Model Validation, Observations and Discussions

This section looks at validating the model by looking at some of the key parameters under
different load variations and working conditions of the FWH. In steady state operation, the main
parameters which were results are the amount of bled steam required to fully condense across
condensing zone for the given heat characteristics, exit temperatures of the two streams and the
amount of heat transferred. The model working condition is outlined and the initial set-up is given

for the different model runs and some observations are made for different scenarios.

4.1 Steady State Tests

4.1.1 Conditions and system set-up

The steady state model is setup as explained in section 3.6. The high level inputs for each load
characteristic are set in the model with the corresponding heat characteristics of the condensing
surface and de-superheating zone. The quality of the steam in the shell is specified for a given inlet
pressure and mass flow rate to indicate the level in the shell. The model solves for the bled steam
mass flow rate for each load case. This is done by setting up a designer on Flownex as shown in
Figure 4-1. All the bled steam must be fully condensed (quality = 0) when exiting the condensing

zone.

quality Orifice ratio

Figure 4-1: Designer set-up to determine the required Bled steam mass flow for thorough condensation.
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4.1.2 Model Results

The steady state model was solved for the four known load cases, and the results are reported in
Table 4-1. The condensate temperature from the model is taken to be the temperature of the two
phase fluid in the shell or saturated liquid as it leaves the condenser. The heat transfer reported is

the heat in the condensing zone only.

Table 4-1: Flownex steady state model results.

Plant condition Bled steam mass Feed-water exit Condensate Heat transferred
flow (kg/s) temperature (°C) temperature (°C) (MW)
40% 8.387 195.723 193.721 16.481
60% 15.229 215.14 213.325 28.836
80% 23.121 229.26 228.249 42.267
100% 32.016 241.0 240.802 56.439

It was found that the model has a strong dependency on the pressure drop in the shell side
components. And the pressure drop was kept to a minimum while still maintaining the flows
required. The effect of higher pressure drop on the shell side is shown in Table 4-2 with pressure
drops of 0.2 kPa and 56 kPa used to demonstrate. From the results it is seen that a lower pressure
drop results in a higher outlet feed-water temperature and hence better performance. This effect
was also looked into by Cumo [12] in the discussion of the thermal and hydraulic rating of HXs. The

same conclusions on performance were made by Cumo.

Table 4-2: Effect of pressure drop on FWH performance.

Feed-water exit temperature (°C) Condensate temperature (°C) AP (kPa)
228.924 228.84 0.2
227.72 227.726 56

The pressure drop is dependent on the geometry and size of the FWH and its components. And
Patel [66] comments that in all HXs, there is a close physical and economical affinity between heat
transfer and pressure drop. The model results in Table 4-1 were generated with pressure drop of
0.51 kPa on the condensing zone and an average pressure drop of 28 kPa from inlet to outlet on
the shell side of FWH at 100% load.

4.1.3 Actual Plant Results

The heat balance for the Kriel power station FWHs was used as the actual plant data results and
the results are shown in Table 4-3. The acceptance data results for the tests carried out at Kriel

were used to verify some of the heat balance values used.
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Table 4-3: Actual FWH 7 working data.

Plant condition Bled steam mass Feed-water exit Condensate Heat transferred
flow (kg/s) temperature (°C) temperature (°C) (MW)
40% 8.632 196.4 194.3 16.929
60% 15.194 215 213.3 28.653
80% 23.145 229.2 228.1 42.141
100% 32.037 240.8 240.9 56.403

4.1.4 Discussions

The model results in Table 4-1 are seen to be in the range of what the real plant produces. Figure
4-2 shows the percentage errors of the model results compared to the real plant data, and the

errors for all measured load cases are below 3%.

40% 60% 80% 100%

0.5

1 M bled steam mass flow

H condensate temperature

-1.5 - feed-water temperature

percentage error

M heat transfer

-3.5
Percentage Loads

Figure 4-2: Percentage error in the model results for different load conditions.

At 100% and 80% loads the bled steam mass flow rate from the model results compared very well
with the plant data results. For both the load characteristics the errors for all measured
parameters are less than 0.5%. At 40% the bled steam mass flow rate required to fully condense

was found to be less than that given in the plant data and the error was found to be 2.83%. This is
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as a result of the heat transfer which is less by 2.64%. This error is most probably due to the curve

fits used to approximate the heat loads for the various zones of the FWH.

The rest of the errors may be attributed to properties which changes slightly due to the pressure
drop as calculated in Flownex. These pressure drops were not incorporated in the analytical
process. It was shown in [1] that the effect of assuming no pressure drop results in an error of less
than 5%. The same model assumptions were made in [61], before Barszcz model [1], and the same
conclusions were made. So the assumption of no pressure drop was validated, and the combined
pressure drop in the de-superheating and condensing zones of the Flownex model was found to
be about 1.01 kPa. For bled steam at about 20 bars, a pressure drop of 1 kPa does not change the

latent heat significantly.

It can therefore be concluded that the model is a close representative of the analytical solution

and a good enough estimation of what the FWH does in steady state operation.

4.2 Transient Tests

4.2.1 Condition and system set-up

Simple simulation with model running at steady state 80% load

The model is setup with high level inputs set for 80% load conditions. The quality on the shell was
set to initialize the model in steady state. When initiating transient simulation the shell properties
are released and let to solve based on high level inputs and extraction rate of the condensate

without any change in high level inputs.

Ramp up 80% to 100% load

The model is initiated at 80% load with the high level inputs set for a FWH working at this load.
The shell quality is set in the initialization of the model in steady state. As the model is started, the
quality on the shell is released and the pressure starts to change depending on the model
dynamics, high level inputs and heat transfer characteristics. After 2 seconds the feed-water mass
flow rate is ramped up linearly from 80% load to mass flow that corresponds 100% load in a space
of 200 seconds. The outlet temperatures and shell side flow rates are recorded as the load goes
from 80 % to 100% load.
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4.2.2 Model Results

Simple simulation with model running at steady state 80% load

The model was let to run for 300 seconds without changing any of the high level inputs or the

drain extraction rate. Figure 4-3 shows the exit temperatures FWH.

232
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Figure 4-3: Exit temperatures of the two FWH streams at 80% load.

From Table 4-3 it was reported that the feed-water exit and condensate temperatures at 80%
were 229.2 ° C and 228.1 ° C respectively. From Figure 4-3 the feed-water exit temperature is
higher, 230.4 C, than plant acceptance data and this could be due to inaccuracy in predicting the

heat transferred in the condensing zone.

Ramp up 80% to 100% load

The model was run with conditions as described in the previous section. Figure 4-4 shows the
mass flow of the bled steam, the condensate drain mass flow rate and the level within the shell. In
the ramping stage, the bled steam mass flow starts off more than that of the condensate being
drained. As a consequence, the level inside the shell starts off increasing as shown in Figure 4-4. As
the load is increasing, the pressure at the inlet of the steam side increases and thus increasing the
pressure within the shell. The higher shell pressure results in in a higher pressure drop on the
drains line and thus more condensate being drained. This is evident on Figure 4-4 after 50 seconds
where the level within the shell settles and eventually decreases. The bled steam mass flow is seen

not to increase linearly from 80% to 100% load. This is because bled steam sucked into the FWH is
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dependent on the inlet pressure and the heat transfer characteristics of the condensing zone.
After 200seconds, as the FWH reaches 100% load, the inlet pressure on the steam line stops
increasing and the bled steams dips due to a sudden stop in pressure drop increase before settling

at a steady flow rate of 33.47 kg/s.
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Figure 4-4: Bled steam and condensate drain flow rate, and level for changing load characteristics (80% to 100%).

In this exercise the level was not being controlled and at 100% load more condensate is being
drained than the bled steam entering the FWH. To maintain a settled level one would adjust the

orifice ratio to balance the mass flows in and out.

The exit temperatures of the two streams were also monitored as the plant load changed from
80% to 100%. The feed-water exit temperature starts at 230.8°C and settles at 242°C as shown in
Figure 4-5. On the other hand, the condensate temperature starts off at 229 ° C and settles at

240.8°C at 100% load.
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Figure 4-5: condensate and feed-water temperatures for changing load conditions (80% to 100%).

Figure 4-6 shows the heat transfer on the condensing zone during the load change. At 80% the
heat being transferred was reported to be 43.78 MW and changes to 58.6 MW at 100% load. The
100% load heat transfer is higher because the model is not fully in steady state and the bled steam

is a bit higher than expected.
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Figure 4-6: Heat transfer across FWH and the level for changing load conditions (80% to 100%).

4.2.3 Actual Plant Results

Figure 4-8 shows the feed-water temperatures of the two HPHs in operation at Kriel power station

while a performance test was conducted. In the analysis only HPH 7 was considered, and even

here only the HPH 7 results are of interest. It is worth noting that the feed-water temperature at

HPH 6 exit is the temperature of HPH 7 at inlet. The temperature was recorded to be 211°C as

compared to 207.8°C in the specification [3]. The inlet temperature for the transient test on the

feed-water was therefore taken as 211 C to get a good comparison with the acceptance data. The

reason for the difference was attributed to the erosion of the tubes in the HPH 6, shown in Figure

4-7. The erosion decreases the tube thicknesses and decreasing the resistance of heat transfer.
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Figure 4-7: HPH 6 corrosion at Kriel power station [3].

The effect of erosion was tested on the analytical model by changing the thickness, and this was
used to validate the conclusion made in [3]. The temperatures and load are also shown to

fluctuate at a specified load. The feed-water temperature after HPH 7 at 80% load was recorded to

be 229°C and 239°C at 98% load as indicated by the purple line in Figure 4-8 below.

Figure 4-8: Plant data for HPH7 over 14 hours [3].

The Flownex model results for a ramp from 80% to 100% load are compared to the acceptance

data given in Figure 4-8 and are shown in Figure 4-9. At 100% load, the average feed-water
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temperature at HPH 7 was recorded to be 242 °C from the Flownex model. Figure 4-9 shows that

there is good agreement between the model results and the acceptance data values.
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Figure 4-9: Comparison between acceptance test results and Flownex model results.

It is worth noting that the model results do not ramp at the same time scale given on the graph

but is put on same scale only for comparison.
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5. Conclusions and Recommendations

The main aim of this report was to formulate a mathematical methodology for modelling FWHs
and implementing the model suggested on Flownex. The model built will be used to help in fault
finding on the heaters in the Eskom fleet. Also, the model is part of the components of a complete
power plant simulator. The model will eventually be brought together for a complete transient
power plant simulation. Most models used for analysis at Eskom are only steady state models and
this study brought about a better understanding of transients and processes in transient. The
thesis also looks at the amount of detail required to fully define a FWH model. The conclusions
start off by looking at answering some of the main objectives of the report. It then looks at
conclusions based on empirical findings and theoretical implications of the findings, and ends off
by looking at the conclusions from results of the steady and transient state models and the

observations from both scenarios.

The mathematical method was successfully formulated from first principles and heat balance data
(grey-box model) with the assumptions outlined in section 3.3, and the HTC of the condensing
zone for different loads were predicted to acceptable accuracy. To verify the predicted HTC they
were tested on Flownex model with just a condensing zone in place. For all load cases, the HTCs
with and without the effect of conduction were formulated and were tested on Flownex. The
results in section 3.7 Figure 3-19 and Figure 3-21 show that the HTC produce the required

conditions for the condensing zone for both cases.

The mathematical model was implemented on the Flownex model as a whole for both the
transient and steady state. The steady state tests showed good agreement with acceptance data
and will be discussed in more detail in the next section. The transient model is built with look-up

tables for high level inputs and heat transfer characteristics as explained in section 3.6.

The first theoretical conclusion drawn from literature was that there is need for the thermal mass
of the HX to be included if the dynamics of the process are to be precisely captured during
transient scenarios. The effects of the thermal mass were shown in the form of temperature
responses of the HX and fluids in streams. Also heat energy accumulation in HXs during changes in
operation was used to show the same effects. The mass was added as a lump, and it was shown in
literature that temperature gradients in transients could be estimated for a lumped system for
cases where the Biot number is less than 0.1. Secondly, using typical parameters of a FWH and
working conditions the typical HTCs values for condensation over tubes and flow inside tubes were
determined using correlations discussed in section 2.3.2. The ratio was used for all analysis in this

report.
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The model needs to be revisited in order to fully represent the performance of the FWH in terms
of the pressure drop across both streams. The understanding of how pressure drop in both
streams is outlined in section 2.5. But due to lack of FWHSs’ internal data the pressure drop in both
streams is not accurately modelled. A check however was made on the model to see how pressure
drop affects the performance of the FWH. And results obtained are consistent with theory in that
as more pressure is lost the saturation temperature is lowered and hence the performance is also
lowered [12]. However, the Laskowski and Barszcz models and in this thesis, it is evident that
assuming no or minimum pressure drop on both of the FWH streams does not change the
performance significantly. Laskowski model suggests that constant HTC lead to a loss in accuracy
of the feed-water temperature at high load. In the analysis of this report, the HTCs vary with load

and better agreement with the results was obtained even for higher load conditions.

5.1 Steady State Model

5.1.1 Conclusions

The steady state model was successfully modelled with satisfactory accuracy in terms of the key
indicators of FWH performance mentioned in section 4.1. The feed-water temperature is the most
accurately predicted parameter for the four load cases considered with errors less than 0.5%. The
model result parameter which was most out of the plant data result is the heat load predicted
from the analytical solution at 40% and thus yields a bled steam mass flow that is off by 2.83%.
The amount of heat transfer in steady state model for all loads was found to correspond with the
one on the mathematical model for other loads. It can therefore be concluded that the steady

state model showed good agreement with acceptance data in terms of performance of the FWH.

5.1.2 Recommendations

The steady state model required that the mass flow rate for the operating load be determined
first, using the “designer” function on Flownex. This was done for every run/test for different
loads. There could however be better ways, that are not known by the author, that could produce

the required mass flow rate from input load conditions without the aid of the “designer”.
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5.2 Transient State Model

5.2.1 Conclusions

The transient model built is a good representative of what the FWH would do in operation. The
change of load from one steady state to another was achieved and the results for the Kriel HPH 7
were in agreement with the model results. The level in the heaters was seen to respond as
expected with the given conditions and changes imposed. The model was therefore successfully

built with level control capabilities but realising the control loops was not part of this project.

5.2.2 Recommendations

The following are recommendations for future work and changes that can be made on the bits and

pieces that make up the transient model:

e The HTCs ratio applied in the analysis needs to be investigated further as this ratio could
change with load in transients.

e There is more work to be done towards understanding the transient behaviour of thick
HXs on Flownex for different Biot numbers as headers in FWHs form part of the heat
exchanging material and also accumulate or release energy in transients.

e Inclusion of pressure drop in the model analysis as it was realised in the later stages of the
project that some of the FWHSs at Eskom report pressure drops in the bled steam inlet pipe

lines.

5.3 Closing Remarks

As a starting point to developing a FWH model on Flownex SE, this project has been a success not
only in modelling the FWH but also in finding the limitations to the modelling tool and how to
overcome some of them. A fairly robust methodology has been created and can be used to tackle
similar problems where geometry of the FWHs is not known, and can be altered to accommodate

other phenomenon not included in the current model.
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Appendix A. Methodology Summary

Inputs to the model from working conditions

MM )
PP
T
HH
HHO
ITO _
Mm | Temp [ 7¢M_flow [k Ent [k)/kg Temp [ 7CEnt [ki/kg Temp [ 7C Press [bar]
515.15  424.143 899.4 481.75 1045.9 514.75 214
tt 514,05 415.662 895.8 480,95 1044.4 213.95 213
hho a01.25 334.565 8253.8 471.65 991.1 202,35 199
to 48645 251.322 202.6 460.05 926.8 488,15 184
L ppo ) 276 0.5 0.5 274 0.5 277 50

The last row on the inputs section is made up conditions and the inputs are kept close to zero as
possible. These conditions are for 0% load condition. All calculations of the steam and feed-water

properties use the steam-water tables [67].
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De-superheating Zone

Calculation of the temperature and enthalpy of steam after
de-superheating zone

Tdesi = TEtEaml_Pir““ o ._uu-ll HdESi - hstgm[Pi.-"“ - 1._.....:'
|"-' Ehh'l
. { 2803 % 10 |
(242137 )
241.019 2.803 x 107
2| K&
Tdes = | 228266 |-°C Hdes = | 3803 « 10° =
213.338 2|
- | 2.799 % 10
\ 120212

\2.706 % 10 )

Energy lost by the steam during de-superheating
['._]'1:1»351.L = Z'-.-ii- |_Hi — Hde Si.ll

Where H is the enthalpy of the

LN
Lh
=]
e
=

steam as it enters the FWH

!-l-" E_JI
=]

S E
b =) Lh

Qdes = W
26

\—0271)

3=
LA

Sub-cooling zone
Qrem is the energy left from the total energy after removing de-superheating energy, Qdes.

Energy extracted in the subcooling region

qubi = [:;I'remiL - Qcondi &Ti = TdesiL - TDi
0 {015 )
0.023 Coite |

Qsub = 0014 MW AT = 0166 |K INSIGNIFICANT
TA13x 1077 | 0038 |
L oos | 117362
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Condensing zone

Heat transfer across FWH without
desuperheating

['._}1.'»21'111.L = QSi - ['._ledvas‘.L

Qeond; = (gyepm(Py. """ L") ~ hirea(B """ 0. )M,
(57.945Y (579185546
36.428 36.4031439
Qrem = | 42.154 |- MW Qcond = | 42.140508% |-MW
28.66 28.6525894
\ 027 )

\ 02201557 )

The overall heat transfer Coefficient using the
LMTD on the condensing surface

Ii'._]ﬂ:u::nnndi

i

(Tdes, — Tfw.) — (Tdes, - t |
\ 1 il | i

{"Tdes. — Tfw. )
. ; i)

| Tdes. —t.
i1

\ J
\
- 1595 % 10° |
_ 6
448514 % 10
W
UA= 1303 % 10° X
6
437323 % 10

160017 x 10° — 543358« 10°) > Not part of the solution, made up to fill the matrix

1 1 1 L
_—— 4 + —
UA hin hout kA
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1 y~1
ua, = | UA ~Reond |
I\.‘_ = 1. _,ll
\
6230 % 10° |
6.04 x 10°
6| W
ua=|s5874x 100 [
5.839 x 10°
| 7.704 x mf’j

Appendix A. Mathematical derivation

The convective resistance is then determined from the overall HTC by removing the conductive

part of the HTC as shown above.

FX =10
(FX + 17
= | -11a.
1 '.__\_ IX _,-' 1
hnuti = I:X'hmi

f i
{ 6.86246 = 10 |

664380 5 10

7| W
hout = | 5 15139 % 10’ X

642258 < 10

\ 847401 x 10 )

i )
| 6.862 = ll}ﬁ |

6.644 ll}ﬁ

6| W
K

6.461 = 10

6423 = ll}ﬁ

\ 8474 x 10° J
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Appendix B. Typical HTCs Calculation

The test carried out in this analysis assumes fluid conditions of the fluids close to 100% load
conditions of the Kriel HPH7. It is also assumed that the inner diameter of the tubes is 25 mm and

the same for the outer diameter, thickness is not taken into consideration.

condensation Kriel HPH 7

Reference:C:\sers\Jser'\Desktop\Water-Steam LTAPWS-IFS7 rev A, xmod

Shell side typical parameters and steam conditions

a=0723

Steam properties

ko= Agpoqm(P."" 0.7 ") = 0,63 m
.
mm mm mm _J mm
vy = "steam[P-' Lo My = 1228 % 10 L_ Yg = "stea.m[P-' s
N
i';Hf-g =h (B L") = B (B "L0,M) = 1769 x 10 —
.
_4k
e = hegegn (P70, ) = 1115 1074 K2
m-s

Tp = 0375 Ty, — Ty} + Ty, = 292.688°C

Musselt Integral correlation

1
3 . 4
k -I_'\'g - t'f_:l-ﬁHfg- g

. 3
gDl Te = Tgfvg v

hout = a-

) T
hout = 3494 « 1EI'4- v

-

m -K
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Tube side typical parameters and conditions

K
me, = 415662 —=
5
d; = 15mm
Tpy = 207°C
Pry = 213bar

Feedwater properties

Pro=Pry,.(Pa Tp )= 0881

Lo kg
K = Asteam! Fiw: Tow- - = :' = 0676 3
K-s
- -4 kg
Hw = Msteam! Pw: Tow: -+ - :' =1346x 10 s
mf,_. =
Re=4———— =2154x 10’
.-Jupﬁ‘.-ﬂ-di
Dittus Boelter correlation
ke RS20 W
hin = 0.023- = 1.092 « 10 -
4 2
m E
Ratio of the two HTCs
| |
ua= — +
hin  hout
hout = FX-hin
h
FX = —2 _ 3201
hin

The ratio of the shell to the tube side HTC was found to be 3.201 for the estimated geometry and
working conditions of the FWH. For all analysis in this report the ratio was used as 10 as the 3.201

was just for estimation of order of the ratio.
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