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INTRODUCTION

The need to reduce energy consumption and energy-saving technologies has
increased significantly in recent years. In addition, reducing the cost of electricity
production itself is of great importance in energy saving, i.e. - increasing the
efficiency of the facilities that produce it. The bulk of electricity, both in Ukraine
and abroad, is generated at thermal power plants (TPPs) and nuclear power plants
(NPPs) - at power units with powerful steam turbine units (STUs), where the well-

known Rankine cycle is used.

As science and practice show, the efficiency of the Rankine cycle, i.e. its
efficiency, increases significantly if regenerative heating of the feedwater supplied
to the steam generator is used. The main contribution to the regeneration at the STU
comes from the heating of feed water and main condensate with steam from the
turbine exhaust. It should be noted that this type of regeneration makes good use of
heat that is usually discharged in a cold source (condenser), which pollutes the
environment. This type of regeneration process at TPPs and NPPs is carried out
using groups of steam-water heat exchangers - the so-called low-pressure (ITHT)
and high-pressure (IIBT) regenerative feedwater heaters. Regenerative heaters
account for a large share of the metal consumption and cost of all turbine equipment
at power units, and the requirements for the efficiency and reliability of these heat

exchangers are very high.

Regenerative feedwater heaters can be of the surface type (heat exchanger-
recuperators) and of the mixing type (contact heat exchangers). Until now, surface
heaters have been used in power plant installations mainly. The use of mixing
devices is still limited to vacuum extraction from the turbine at a small number of
power units due to the low reliability of their operation (high probability of
emergency overflow). However, the use of mixing heaters for both vacuum
extractions and elevated steam pressures of turbine extractions is one of the

promising areas for improving thermal schemes of turbine units at TPPs and NPPs.



Given that surface (recuperative) steam-water heat exchangers have so far made and
will continue to make the main contribution to improving the efficiency of the power

generation process at power units, this book is dedicated to them.

The first chapter discusses in detail the systems of regenerative heating of high
and low pressure feedwater at power plants of thermal power plants and nuclear
power plants, as well as various schemes for connecting heaters to them. The most
common designs of surface heaters are presented and described. The stages of

development and improvement of their design are considered.

The second section presents an in-depth mathematical model of thermal and
hydraulic processes in generalised surface heaters. The basic equations describing
such processes are given. It provides systematic criterion dependencies of heat
transfer coefficients, heat transfer fluid resistances, thermodynamic and
thermophysical properties of water and water vapour, thermal conductivity of pipe

wall materials, temperature and design characteristics.

The third chapter discusses in detail the problem of determining correction
factors for the logarithmic mean temperature head (i.e., the efficiency of the heat
transfer scheme) in cross-flow heat exchangers, which are the devices considered in
the book. The book provides easy-to-use analytical dependences of such
coefficients, which take into account not only the number of cross-flow passes and
its scheme, but also the number of parallel elements: pipes, rows of pipes, sections
or coils. The application of these dependencies allows us to more accurately
determine the heat fluxes transmitted in the devices and to calculate the efficiency

of heat exchangers.

The fourth chapter presents generalised and extended methods and algorithms
for design and verification calculations of the surface steam-water heat exchangers

considered in the book, as well as their groups.

Chapter 5 describes the methodology for calculating the hydraulic networks

of collector systems of high-pressure coil heaters. Elements of graph theory are used
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here. The methodology makes it possible to determine the hydraulic parameters in
all elements of the complex hydraulic network of such devices with a given

accuracy.

Chapter 6 describes the methodology for determining local thermal
characteristics (temperatures of heat carriers, pipe walls, heat flux density) in cross-
flow heat exchangers. The use of this methodology in combination with the methods
described in Chapters 4 and 5 allows us to obtain an almost complete picture of the
thermal and hydraulic processes at any local point on the heat exchange surface of

the studied devices.

The seventh chapter discusses the factors that determine the reliability of the
heat exchangers discussed in the book. It analyses the processes of erosion and
corrosion wear of the inlet pipe sections of the heating surfaces, the most significant
and difficult to correct factor that determines the reliability of operation and service
life. The paper presents a methodology for determining the intensity of such wear
depending on the thermal, hydraulic and other parameters of the coolants, as well as

the actual power unit load schedules.

The last section presents a methodology for assessing the service life of
surface heat exchangers of regenerative schemes of TPP and NPP power plants, due
to erosion and corrosion wear and the elastic-plastic state of the inlet sections of coils
and pipes, taking into account the operating conditions and operating characteristics

of power units.

The methodology of presenting the material in the book is structured in such
a way that each subsequent chapter is based on the conclusions and previous

materials and is their logical continuation.



CHAPTER 1

STEAM-WATER HEAT EXCHANGERS IN REGENERATIVE SCHEMES
OF TES AND NPP POWER PLANTS

1.1. Regeneration systems for steam turbine units of TPPs and NPPs

In the thermal schemes of turbine units of thermal and nuclear power plants,
a group of regenerative heaters from the condenser to the deaerator forms a low-
pressure regeneration system, and from the feed pump to the steam generator - a
high-pressure system, the deaerator and the feed pump make up a deaeration and
feeding unit [1]. The entire regenerative scheme consists of a number of cascade and
nodal regenerative heaters divided into groups, each of which consists of several
cascade heaters, the steam condensate of which is drained into one nodal heater. A
more economical scheme is one consisting of only nodal heaters, with either mixing
heaters or heaters with pumping of the heating steam condensate into the feed water
line directly after the heater. The next most economical scheme is the reverse
cascade scheme, in which condensate is pumped to higher heaters (with higher
pressure). Such schemes require a lot of drainage pumps (JIH), which reduces their
reliability. For high-pressure regenerative feed water heaterss, a scheme with
cascade condensate drainage (drainage) from the upstream to the downstream unit
is currently used (Figures 1.1 - 1.3). For low pressure regenerative feed water
heaters, schemes are used where cascade drainage is not carried out in the entire
group, but in some parts of it with one or more node heaters and drainage pumps
(Figs. 1.4-1.6). As arule, there is no cascade drainage to the first condenser from the
low pressure regenerative feed water heaters (except for some NPP turbine units).
The use of mixing heaters, provided that their operation is reliable (emergency
overflow), is limited by the steam pressure in the taps below atmospheric pressure,
I.e. the scheme is combined. In the accepted terminology, the flow of water heated
by regeneration withdrawals from the condenser to the deaerator is called main

condensate, and from the deaerator to the steam generator - feed water. In the



following, both of these streams will be referred to as feed water for the sake of

generality in this paper.

To increase the efficiency of the cascade drainage scheme, the heating steam
condensate is passed through condensate coolers (OK). The condensate cooling of
the heater shells by the integrated condensate coolers further improves the operating
conditions of the level control system and the drainage system pipework. In low
pressure regenerative feed water heaters systems (Fig. 1.4), condensate coolers can
be used as separate drainage coolers (OM). In the high pressure feed water, pre-
enabled condensate coolers are mainly used, where the feed water flow after the
condensate coolers at the inlet to the condensation zone (KIT) is combined with the
main flow. The flow rate of feed water through the condensate coolers is regulated
by throttle washers. Parallel coolers are used in low pressure regenerative feed water
heaters and some TIBT, where a part of the feedwater heating surface pipes of the

first pass is contained in a separate casing.
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Fig. 1.1 - Two-strand high-pressure regeneration system of the turbine unit

K -300-240 KhTGZ after modernization according to the Ricard-Nekolny scheme
with parallel steam cooling
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couple couple nap
i TBT3 i TMBT2 ! NBT1
: ! IIB 1600-380-66 | TIB 2000-380-40 { TIB 1600-380-17
in the steam generatori i ;
1 i i i
— =]
i i Vo
i H H
1 OIl A, on A, on
| mos mo7 L o6
T H = T = T
A - 'y \/ 'y e d
! ! !
i i i
KII KIT KII nutrient water
] 1l ] from the deaerator
1l 1l 1l .
8| | | ceeeveeeen] mr| | ] e N 6 steam-water mixture
T T T in 114
: : :
i | i
—_——
1 ! %
! I} !
-] = -]/ = - o
o T oa7 : 0512 condensate
................................... b x"" in 114
........ [ T S 2. SPTR. condensate in the

deaerator (I15)
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with serial and final steam cooling (Violin scheme)
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Fig. 1.5 - Low-pressure regeneration system of the turbine unit K-500-240 KhTGZ

In turbine plants with intermediate steam superheating, steam is usually taken

from the first feedwater passage of the LWT after the intermediate superheating.

When the guarantee mode of operation of the turbine unit approaches the minimum,

the temperature pressure between the saturation temperature of this superheated

steam at its pressure and the temperature of the feed water after the deaerator (at the

inlet) decreases significantly. As a result, the efficiency of superheated steam
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utilisation is lost in these modes, and this high-pressure regenerative feed water

heaters is usually switched off.
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Fig. 1.6 - Low pressure regeneration system of turbine unit K-800-240 LMZ

To increase the efficiency of using superheated steam, steam coolers (OI1) are
used in heaters. In low pressure regenerative feed water heaters, the steam cooler
can be designed to pass both the entire feed water flow and a part of it that is mixed
with the main flow at the outlet, with the flow rate controlled by a throttle washer.
In the high-pressure regenerative feed water heaters, the HP is usually designed to
pass a part of the feed water flow. At present, there are three main schemes for the
inclusion of steam cooling in feedwater high-pressure regenerative feed water

heaters systems:

- sequential scheme (Fig. 1.3, excluding the final steam cooling of ITHT 1),
which was used in old high-pressure regenerative feed water heaters systems before
modernization, where the feedwater flow after the steam cooling in each high-
pressure regenerative feed water heaters is combined with the main one and enters

the next heater;

- the Ricard-Nekolny scheme (Figs. 1.1, 1.2) with parallel steam cooling, where
the feed water flow after the steam cooling is not combined with the main flow after

13



the heater, but is combined with the water flow after the entire regeneration system.
The increased efficiency of the parallel-activated high pressure feed water is due to
deeper cooling of the superheated steam and the transfer of this superheat to the hot
source with direct fuel savings [1]. The efficiency of the subsequent high-pressure
regenerative feed water heaters is reduced due to a decrease in feedwater
consumption and steam extraction at them. At the same time, the temperature of the
feed water after each steam cooling should not be lower than the temperature of the
main flow at the mixing point in the group of high-pressure regenerative feed water
heaters [2]. When the guarantee mode of operation of the turbine unit approaches
the minimum, the efficiency of some of the steam cooling may decrease, as a result

of which these steam cooling can be shut off by a shut-off valve;

- the Violin-Hulz scheme (Fig. 1.3) with end steam cooling, where a part of
the feedwater flow after the regeneration system passes through the end steam
cooling of the preheaters and returns again. Due to the insufficient cooling depth of
superheated steam, this scheme is combined with a sequential scheme, and the final
header exists only in the first feedwater heater, where steam is supplied after
industrial superheating. As the analysis [1] shows, schemes with parallel and end-
stage steam cooling are practically equally economical and surpass the efficiency
and reliability of a scheme with exclusively series steam cooling. Therefore, in some
300 MW turbines of the old generation, schemes with series steam cooling were
upgraded to Ricard-Nekolny schemes with parallel steam cooling, 500 MW turbines
also use a scheme with parallel steam cooling, and 800 MW turbines use a combined

scheme with series and one end built-in steam cooler.

High-pressure regeneration systems can be arranged in one (Figures 1.2, 1.3),
two (Figure 1.1), and in some cases three parallel lines. The enlargement of high-
pressure regenerative feed water heaters may increase the cost of their manufacture
and operation, so it is advisable to manufacture some regeneration systems in two-

or multi-filament versions.
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1.2. Design and operational features of surface feedwater heaters

Heat exchangers for regenerative feedwater heating systems of steam turbine
power plants with a capacity of 50-300 MW are of vertical design and have a flanged
connector on the body. The pipe system consists of U-shaped heating surface pipes
with a diameter of 16 mm and a wall thickness of 1 mm, the ends of which are rolled
in a pipe board. The main components of the heaters are: a water chamber with
connections for supplying and discharging feed water, partitions inside it (to
organise a certain number of water passages) and a flange; a pipe system with a pipe
board, U-shaped tubes that guide intermediate partitions for the passage of heating
steam and condensate collection; a number of frame elements; a housing with
connections, support legs and a flange. The peripheral part of the tube board in the
assembled heater is fixed by means of studs between the flanges of the body and the
water chamber. For heat exchangers with heat exchange surface areas from 90 m 2
to 350 m 2 and 800 m 2, the plant uses brass tubes of JI-68 and JIO70-1 grades. In
the TTH-400 devices (Fig. 1.7, 1.8), which are used in power unit schemes for
supercritical steam parameters, in addition to the above, tubes of MHXK5-1 alloy or
stainless steel 08X18N10T are used.

A vapour barrier is installed on the frame channels against the steam inlet to
the heater tube bundle. Thanks to the baffles, the heating steam flow makes several
passes in the pipe system during the mixed (transverse and longitudinal) flow of the
heating surface pipes. After condensation, some of it, along with non-condensable
gases (air), is discharged from the heater through a semi-circular perforated pipe to
a branch pipe in the lower part of the housing. The condensate from the heating
steam and steam from the spontaneous boiling of the injected condensate from the
devices with a higher steam pressure in the vessel flows from the guide baffles
through the annular holes between the pipes and the pipe passage holes in the guide
baffles and enters the condensate level (cavity) in the lower part of the vessel. From
there, the condensate is discharged through a spigot. With this disorganised

drainage, condensate floods the pipe sections of the heat transfer surface of the lower
15



part of the bundle. Additional heating steam condensate from the apparatus with a
higher pressure in the casing is introduced from the nozzle through a perforated pipe
under the condensate level. This makes it difficult to remove the steam-air mixture
from the vessel, causes fluctuations in the water (condensate) level in the vessel and
complicates the process of regulating this level. The design of the water chamber
and the pipe system allows the chamber to be rotated by 180° and the flow of feed
water in the pipe system to be reversed from the design flow.

In the heater ITH -400-26-7-1 (Fig. 1.7), a built-in steam cooler (OI1) is located
in the centre of the pipe bundle in a special casing. After the fourth pass, a part of
the feed water flow is directed to the steam cooler pipes. A restrictive diaphragm
(throttle washer) is installed on the outlet pipe to ensure the required feed water flow
rate through the steam cooling. The steam cooling pipe system has baffles that allow

for cross-flow washing of the heating surface by a pair of pipes.

16
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Low-pressure heaters for regenerative feedwater heating systems for turbine
units with a capacity of 500 MW and above (see example in Fig. 1.9), which are
installed at power plants using organic and nuclear fuel. The units are equipped with
welded pipe boards. Flange connectors are located on the water chambers. The bends
of the pipes of the heating surfaces are U-shaped, and the intermediate partitions of
the pipe bundle have devices for collecting condensate flowing down the pipe
surfaces, heating steam and its removal to the lower part of the apparatus through
the pipes of the pipe system frame. In this group of heaters, tubes with a diameter of
16 mm and a wall thickness of 1 mm or 1.2 mm made of corrosion-resistant steel
08Kh18N10T are mainly used, which are fixed in pipe boards by rolling. Other
elements of these heaters are made of carbon steels. Some devices have built-in
steam cooling, the design of which is similar to the ITH -400-26-7-1 heater (see Fig.
1.7). The above are the features of the design of the low pressure regenerative feed
water heaters s that were installed at power plants until the 1970s. During operation,
significant shortcomings in their performance and reliability were identified.
Subsequently, the high-pressure regenerative feed water heaters were designed to be
more structurally advanced and reliable [2]. The steam cooling casing in such
devices is located at the end of the fourth feedwater passage and covers the entire
tube bundle of this passage (full feedwater flow). The casing is created by vertical
partitions, where a horizontal partition is installed 30 mm below the tube board to
isolate the board from contact with superheated steam. A part of the first run of
feedwater pipes is allocated for the cooling tower (if any). The coolant pipes are the
longest and are placed in a rectangular casing, the lower open part of which is below
the normal condensate level in the vessel, and the upper part is welded to the tube
board and the process cell. The condensate cooling casing has horizontal baffles that
provide the necessary stiffness of the pipe bundle and the longitudinal and transverse
flow of condensate through the pipes. The baffles in the steam control system are
placed at the same distance from each other, the steam sequentially makes one or

more passes, the cross-sectional area for its passage in which is consistently reduced.
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The first two rows of pipes in the bundle on the steam inlet side can have a
wall thickness of 2 mm, the rest - 1.2 mm. The accepted location of the condensate
inlet pipe from higher-pressure devices prevents steam from being dumped into the
air exhaust pipe. In some devices, a steam distribution box is welded to the body, in
the lower part of which there is a heating steam inlet pipe, the pipe bundle is located
eccentrically and there are special holes for its entry into the inter-pipe space, which
ensures minimal hydraulic losses. A 30-50 mm high rim is installed around the outer
perimeter of all horizontal bundle partitions to prevent condensate from draining.
Horizontal pipe bends are separated by corrugated metal plates. The perforated pipe
for the steam-air mixture discharge is vertical and installed in the central part of the
pipe bundle. A glass is welded into the lower part of the body, which, together with
the lower edge of the casing, forms a water seal that prevents the main steam flow
from breaking through to the steam-air mixture discharge pipe if it is installed in the
lower part of the heater. To equalise the steam flow rate along the height of the cross-
sections between the bundle partitions, two pairs of guide plates are installed in the
central part of the steam-air mixture outlet pipe to ensure that the steam is washed
mainly transversely along the steam path in the condensation zone. The feedwater
velocity in the pipes was reduced to 2 m/s to avoid severe corrosion and erosion

wear.

For 200 MW and 300 MW turbine plants in the early 1970s, the ITH 350 and
ITH 550 devices were designed in this way again, which were subsequently installed

in thermal schemes to replace the outdated ITH 300 and ITH 400 devices, respectively
[2].

The main type of high-pressure regenerative feed water heaters used in
domestic power units is a vertical collector high-pressure regenerative feed water
heaters with a heating surface made of smooth pipes twisted into spirals [1-3]. In
spiral-collector high-pressure regenerative feed water heaters, horizontally wound
spiral coils are assembled in 4, 6 or 8 vertical columns. The pipe ends of the spiral

coils are welded to 4, 6, and 8 vertical collectors (pipes), respectively. The design
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features of the high pressure feed waters are determined by the high pressure of the
feed water supplied to them after the feed pumps.

The heaters consist of the following main components: a pipe system
including spiral coils (heating surfaces), collector pipes, partitions for collecting and
draining condensate in the control room, steam cooling and condensate cooling
covers, a lower support part of the housing to which the supply and discharge pipes

connected to the pipe system are welded, and a removable upper part of the housing
connected to the lower flange connector.

All components of typical HDDs are made of low-alloy carbon steels. The

pipe system is mainly made of steel 20 with outer diameters of 32 mm and wall
thicknesses of 4-6 mm.
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Fig. 1.10 — Design of the ITH 600-380-42 heater before modernization
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Fig. 1.10 shows a preheater IIB -600-380-42 (ITBT-2) for 300MW turbine
units built before 1972 (before modernisation). The heaters IIB 450-380-17 (IIBT-
1) and I1B 450-380-66 (IIBT-3) had a similar design.

Den
sadiveult

i
[ S gy

a) Double-plane spiral coil

— -

b) Single-shaped spiral coil

Fig. 1.11 - Spiral coils used in high pressure feed water; 1 - distributing manifold; 2
- spiral coil; 3 - collecting manifold; Dg , Dgy - outer and inner diameters of the coil;
dk , Dn - diameters of the manifold and the coil pipe; Sy, Sk - steps of coil winding

and installation on the manifold
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The pipe system of the heaters is a four-collector system with a two-pass
feedwater control zone, and the lower part of the coils of the first feedwater passage
forms an integrated condensate cooling, connected in a parallel circuit [1]. The pipe
system uses two-plane spiral coils (Fig. 1.11 a) with pipe diameters of 32x5 mm.
The velocities of the feedwater in them were 3 m/s and more, which led to significant
wear at the inlet sections. All feedwater flows are collected through the upper
crosspiece into the central pipe, which is used to discharge water from the low
pressure regenerative feed water heaters. The connection of the collectors in the
upper crosspiece created a rigid frame structure. The multi-pass flow of steam in the
steam cooling and condensate in the DC was carried out in the plane of the coil
winding with a large number of sharp turns, which led to significant pressure losses.
Due to the significant steam resistance in the GP (0.14 and 0.28 MPa in [IBT-1 and
I1BT-2), the saturation temperature in the steam condensation decreased by 4 and
4.6 °C, respectively, and the effect of the steam cooling device was almost
completely lost. In addition, steam flow in the plane of the coil winding has a lower
heat transfer efficiency than perpendicular to it. In addition to these significant
drawbacks, the designs of such heaters before the modernisation had other problems

that reduced their efficiency and reliability and led to premature failure.

Starting from 1972-1974, the production of modernised high-pressure
regenerative feed water heaters began. In addition, the existing high-pressure
regenerative feed water heaters at power units were upgraded. The sequential
scheme of steam cooling inclusion in the regeneration system for IIBT-1 and IIBT-
2 was replaced by a more efficient one based on the Rikar Nekolny scheme. In the
condensation zones of these high-pressure regenerative feed water heaters, there is
a single-pass feedwater flow. The feedwater velocity in the coils does not exceed 2
m/s, the condensate coolers zone is pre-enabled, where the installation of retaining
washers and bypass pipelines in the zone ensures the required safe feedwater flow
in the condensate coolers coils. The coils are cross-washed with steam (condensate)

in the steam cooling and steam condensation, with an unstressed steam supply in the
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steam cooling and a lower condensate supply in the steam condensation to prevent
its breakthrough into the lower DWP.

The condensate in the condensate coolers and the steam in the steam cooling
are sequentially washed through four columns of coils, passing through bypass
boxes. The feed water is supplied to the coils of the condensate coolers at the same
temperature (all coils operate in parallel). In the steam cooling IIBT-1 and IIBT-2,
two adjacent columns of coils are connected in series from the distributing through
the intermediate collector to the collecting collector, from which the feedwater flow
from the steam cooling is discharged, the other two columns are connected in parallel
to the first two. All coils in the steam cooling of IIBT-3 operate in parallel. Thus, in
the condensate coolers and steam cooling of TIBT-3, the entire condensate or steam
flow rate moves according to a single cross-circuit with mixing of the heating
medium, and in the steam cooling of IIBT-1 and I1BT-2, the entire steam flow rate
moves according to a double cross-circuit with mixing of the heating medium, where
in one stroke the columns are operated in parallel, and the multiplicity is determined
by two series-connected columns of coils. The lower bypass boxes of the steam
cooling are made of a lower height than the upper ones, which is due to the
possibility of changing the previous design. During the modernisation of these
UDPs, the rigid connections in the upper crosspiece of the pipe system were also
eliminated. However, it is not always possible to implement all the necessary
measures and eliminate the shortcomings during the modernisation of existing
highway pipelines. Fig. 1.12 shows an enlarged high pressure feed water of the I1B-
2300 type, which are installed on the K500240 turbine units. All three heaters,
I1B230038017 (T1B1), I1B230038044 (ITB2) and ITB230038061 (I1B3), are made in
equal-sized housings and have approximately the same heating surface area [1]. The
housing of each IIBT contains a built-in in-line condensate coolers with the
arrangement of choke washers after the zone, a control zone and a built-in steam
cooling, which is switched on in a parallel circuit. At the same time, the feed water

velocity in the nominal mode of the condensate cooling is 2 m/s, in the control zone
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- 1841.67 m/s, and the total hydraulic resistance is 0.65 MPa. The heating surface
consists of single-plane spiral coils (see Fig. 1.11 b) made of pipes with a diameter
of 32x5 mm in the condensate cooling and steam condensation, and 32x6 mm in the
steam cooling. The outer diameter of the coils of the steam condensation and steam
cooling is 956 mm, and the condensate cooling is 848 mm. Their deployed length in
the steam condensation and condensate coolers is 19.5 m, and in the condensate
coolers 15.2 m. The coils of the condensate coolers have a smaller diameter due to
the fact that part of the space in the condensate coolers is occupied by bypass pipes
(collectors). The level of safe feedwater velocity in 20 steel coils in terms of their
erosion and corrosion destruction is 1.52 m/s. To reduce the velocity of feedwater in
the zone, it is necessary to increase the flow-through sections. This proved to be
possible with the use of single-plane (single-row) spiral coils with a "bifilar" winding
(see Fig. 1.11 b). The use of such coils reduces their deployed length and, as a result,

the hydraulic resistance.
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a) TIB 2300 turbine unit K500-240 KhTZ b) TIB 2000 turbine unit K800-240 LMZ

Fig. 1.12 — Design of enlarged high pressure feed water for steam turbine power

plants with a capacity of 500 and 800 MW
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Since the vertical pitch of the holes in the collectors is reduced by 2 times when
switching to single-plane spiral coils, welding of the coil ends to the collectors is
staggered, while maintaining the possibility of replacing individual coils without

removing neighbouring ones.

Another design advantage of single-plane spiral coils is that their diameter
can be changed continuously rather than discretely. This allows for better filling of
the casing volume, as the diameters of the casing and the bottom of the low pressure
regenerative feed water heaters can be changed discretely every 200 mm. The
continuous change in the diameter of such coils is achieved by rotating the line of
the half-turn centres. The increase in the number of coils themselves (the height of
the high-pressure regenerative feed water heaters casing) is limited by the height of
the turbine hall, and an increase in the number of collectors beyond six leads to an

increase in the voids inside the casing that are not filled with coils.

The steam in the steam cooling and the condensate in the steam condensation
moves perpendicular to the coil winding plane. Condensate enters the condensate
coolers from below and moves in a single stream and passes from one column of
coils to another via bypass boxes. Feed water is supplied to all columns at the same
temperature. In the steam cooling, steam is supplied from above in two streams,
which, using bypass boxes, sequentially wash three columns of coils connected in
series through intermediate collecting manifolds. Thus, in the condensate coolers,
the entire condensate flow rate moves in a single crossflow pattern with mixing of
the heating medium, and in the steam cooling, half of the steam flow rate moves in
a three-fold crossflow pattern with mixing of the heating medium, and the other half
moves in parallel, similarly washing the other three coil columns. The double-
stranded TIBT for 1200 MW power units at TPPs and 1000 MW power units at NPPs
are based on the above-described ones with the same vessel diameter but a higher
height (about 14 m). In contrast to the 500 MW unit, IIBT-2 and I1IBT-3 have serial

steam cooling, and I1BT-1 has a terminal steam cooling. The control structures use
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an 810° inclination of the coils to the horizon. In the 1000 MW NPP unit, there are
no steam condensations, horizontal single-plane coils are made of 32x4 mm
diameter pipes, and the feedwater supply to the pipe system is lateral, through the

cylindrical part of the bottom.

In Fig. 1.12 b shows a I1B heater -2000-380-40 (ITBT-2). Heaters I1B1600-
380-17 (IIBT-1) and I1B1600-380-66 (ITBT-3) have a similar design. The heaters
are installed in the high pressure regeneration systems of K-800-240 turbine units.
The devices have built-in serial heat exchangers consisting of two separate shells -
a conventional heat exchanger and an additional heat exchanger located above. In
the heater IIB1600-380-17 (ITBT-1), the additional steam cooling serves as the final
steam cooling, to which the feed water is supplied separately. In other high pressure
feed waters, the conventional and additional feedwater heaters operate in parallel on
feedwater. The steam in the steam cooling moves in two parallel streams,
sequentially washing the three coil columns of the additional steam cooling, passing
through the bypass boxes of its casing, then enters the casing of the conventional
steam cooling through the bypass and similarly washes the three coil columns. All
the coil columns in the conventional and additional EI operate in parallel. In the
steam condensation, a single condensate stream washes all six coil columns, which
also operate in parallel. Thus, in both the steam cooling and the steam condensation,
steam or condensate moves in a single crossflow pattern with mixing of the heating
medium. The diameter of the coils in the condensate coolers is the same as in the
steam condensation and steam cooling, since the condensate cooling is made
according to the scheme with internal diffusers in the output collectors. Otherwise,
the design of the high-pressure regenerative feed water heaters elements is the same
as in the TIB2300 turbine plants with a capacity of 500 MW.
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CHAPTER 2

BASIC EQUATIONS DESCRIBING THE PROCESSES OF HEAT AND

MASS TRANSFER AND HYDRODYNAMICS IN SURFACE FEEDWATER

HEATERS

2.1. Heat and material balance

A schematic heat diagram of a generalised surface heat exchanger or a heat

exchanger consisting of steam cooling (OII), steam condensation (KII) and

condensate cooling (OK) zones is shown in Fig. 2.1.
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Fig. 2.1 - Schematic thermal diagram of a surface feedwater heater.
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The mathematical model of such a steam-water heat exchanger includes the

following main dependencies [1, 2, 4-7]:

a) heat balance equation for the entire heat exchanger:
o' =0 =0y (2.1)
where Q T - is the heat flux transmitted through the pipe walls:
0" = Oon + Oxnr + Qo (2.2)

Q- and Qu -are the heat fluxes transferred by the heat transfer media, respectively,
given by the heating medium (steam, condensate) and received by the heated

medium (feed water):

Qe = Gnln + GKKiKK + GnBinB - Gnoino - Gk‘ik‘ - Q3

and
QH = GH(lHZ - lHl) (23)
Q 3 -is the heat flux lost by heat transfer through the insulated heater body;

Gn,Gm,Gmo, Gkk, Gk - flow rates: steam from the turbine intake, steam
introduced with air from the higher pressure heater, steam removed with air through
the air suction device, condensate of the cascade drain from the higher pressure

heater, condensate leaving the heater;
G g - flow rate of the heated medium (feed water);

In,ims,lm,lxandixk -are the enthalpies of: steam from the turbine intake,
steam with air from the higher pressure heater, steam with air removed through the
air suction device, condensate of the cascade drain from the higher pressure heater

and condensate leaving the heater, respectively;

iy oT, enthalpy of the heated medium (feed water) at the inlet and outlet of

the heat exchanger;
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b) heat balance equations for individual zones (steam cooling, steam

condensation and condensate coolers):
N .. o T
ok = GHOK (ZHZOK ZHIOK) =Gy (ZFIOK ZFZOK) =Qok (2.4)

nok . oK ; i
ok = Gy jZ::l (lH2OK.f _ZHIOKJ') - El %, (ZF‘OKJ _ZFZOKJ)

(2.5)
Qon = GHon (inon h iHlOl‘[ ) =Gy (ir1on B irzon) = Q(l;H (26)
norm . orn . .
QOH = GHOH gl (ZHZOHj - lHlOHj ) = ]EI GHj (lr1onj _IFZOHJ- ) (27)
O = Gnir, g, + Gkl + Ompins — Grioino — ki, = Qup (2.8)

- if the condensate cooling zone is located parallel to the steam condensation

(diagram in Fig. 2.1 a):
Ok = Gy (iHZKH _iHlKH)_QOK (2_9)

- if the condensate cooling zone is enabled before the steam condensation (diagram
in Fig. 2.1 b):

Okn =G (iHZKH _iHIKH) (2.10)

nKH . . anI . .
Okn = Gy 21 (leKHj _lHlKnj )= GKj (lrlmj _ZK]-)
Jj= J=1 ‘

(2.11)
where CHoc>Cton  is the nutrient water consumption in the condensate coolers and

condensate coolers zones;

Tioc> Tuar> Mion - enthalpy of: condensate at the inlet to the condensate cooling zone;
superheated, saturated or wet steam at the inlet to the steam condensation zone,

superheated steam at the inlet to the steam cooling zone, and

"Taxn (2.12)

T10x
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irlKH - irzon (2.13)
Mon = Iy =in (2.14)

Miok>  Mum® "ion - - the enthalpy of feed water at the inlet to the condensate

coolers, steam condensation and condensate coolers zones, and:

Mo = M, (2.15)

- if the condensate cooling zone is located parallel to the steam condensation

(diagram in Fig. 2.1 a):

My = Iy (2.16)

- if the condensate cooling zone is enabled before the steam condensation (diagram
in Fig. 2.1 b):

i = I. + QOK : _ (Gu - GHOK )iHl + GHOK THon
HIKIT TG, or Hyy = Gu (2.17)
"Hion = Han (2.18)

o> s Moon - enthalpies of condensate at the outlet of the condensate cooling
zone, wet steam or condensate at the outlet of the KII zone and superheated,
saturated or wet steam at the outlet of the low pressure regenerative feed water

heaters zone, where
ok =y TIK (2.19)

Moo Haan* THaon - the enthalpy of feed water at the outlet of the condensate coolers,

steam condensation and condensate coolers zones, and:

QOH —_— (GH - GHon )iHZKH + GHOH iHZOH

le =

H or G (2.20)

'y = gy t G

32



Hok, Hkm, Hor- 1S the number of sites considered in the condensate coolers, steam

condensation and condensate coolers zones;

J - indices of the sections, where in each case the conditions of connection

(connection) of the sections on the heating and cooling sides are taken into account;
¢) material balance equation for the heat exchanger:

Gy =Gy + Gy + G — G (2.21)

The mathematical model of surface heaters is superimposed on the operating
conditions of the steam condensation zone (SCZ\steam condensation ). The
condensate of the heating steam is discharged by gravity to the lower part (cavity)
of the heater through a system of intermediate condensate drainage partitions,
openings (windows) and auxiliary pipelines. If the heat transfer area in the heaters'
control zone (steam condensation ) is insufficient, the steam in this zone will not
completely condense (i.e. partially). The remaining steam, together with the non-
condensable gases, must be discharged from the preheater through an air exhaust
device to a downstream preheater, condenser or ejector (depending on the thermal
design of the turbine unit). The condensate cooler (OK) or the downstream preheater
(if there is no OK) is supplied with condensate minus this residual. If the required
heat transfer area for complete condensation of the steam in the control zone steam
condensation is excessive, all condensate is fed to the condensate coolers or
downstream heater. The saturation pressure and temperature ( psand ts ) from the
control chamber of the preheater must be calculated taking into account the steam

resistance of the entire zone or in individual sections;
d) heat transfer equations in the low pressure regenerative feed water heaters, steam

condensation and condensate coolers zones:

T noK
Qok = '21 Kok, Fox,Alcpok,
J= ‘

, (2.22)
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T K
Oxn = 2 KKH‘,FKH_/-AZ‘CP}(H].

= , (2.23)

T Nor
Qon = ZKOHj FOHJ-AtCPOHJ—
j=1

, (2.24)

K, Kon, , - heat transfer coefficients of individual sections of

where KOK],
the steam cooling (OII), steam condensation (KII) and condensate coolers (OK)

Z0nes;

Fox. Far. F R . :
ok; Ty tom - heat transfer areas of individual sections of the steam cooling,

steam condensation and condensate coolers zones;

Atepore Atepern  Atepor o
CPOK; " TTCPKIL pg TUCPOL are the average temperature pressures of individual

sections of the steam cooling, steam condensation, and condensate coolers zones;
J - site indices.

The generalised mathematical model is given for heat exchangers with all
three zones - condensate coolers, steam condensation and HC. In some heat
exchanger designs, one of the zones may actually be missing. This is typical for
high-pressure regenerative feed water heaters, which can have both the steam
cooling and the steam condensation zones, or only the steam condensation zone. In
the thermal schemes of steam turbine plants, condensate coolers are sometimes used
as separate devices - drainage coolers (DCs) (see Fig. 1.4). Thus, there is only one
characteristic zone in these devices - the DCO. When developing mathematical
models of these heaters, the equations and parameters of the missing zones are

excluded.

2.2 Thermodynamic and thermophysical properties of water and water vapour

Below, we present ready-made approximation polynomial equations from [2,
8-12] for the thermodynamic and thermophysical properties of water and water

vapour, the main heat transfer media in steam-water heat exchangers of TPPs and
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NPPs. It is convenient to use the dependence in this form in calculations of heat

exchangers on a computer.

To calculate the temperature ts from the saturation pressure ps, the pressure ps

from the saturation temperature ts, the enthalpy i‘ and the specific volume of water

v’ on the lower, the enthalpy i° and the specific volume of water vapour v’ on the

upper boundary curve from the saturation temperature ts, we used the approximation

polynomial dependences from [9, 11], which have an error with the tabulated data

of no more than 0.001%:

11 J

ts = a,(In(10,197162py))

J=0

9 J
In(10,197162py) = zbj(ts)

=100

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

whereaj,bj, cj,dj, fjik; are the coefficients of the polynomials, the values

of which are given in Table 2.1.

To calculate the thermal conductivity A', kinematic v' or dynamic viscosity

u' and Prandtl's number Pr' of water on the lower boundary curve from the saturation

temperature t s ;o 250 °C we used the dependences from [12], and t s above 250 “C
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from [2, 8], the thermal conductivity A", dynamic viscosity u" and Prandtl's number

Pr** of water vapour on the upper boundary curve also from [2, 8]:

A'=0.55758 80,003827ts-0,000017t§
b

with 10<¢,, <60 °C. 6 £0,3%

Table 2.1 - Polynomial coefficients

] aj bj Cj dj f; K;j
0 | 990927 10° 507871 416105 2,50096 1,0001789 10 3 1,26 102
1 | 2785424 10° 7,27049 4,2290733 10 1 1,843054 10 1 1,300533 10 7 45945234 10 @
2 2,375358 -3,03372 25507948 10 2 1,96911 104 2,0639347 10 5 -3,1913345 10 ©
3 | 2,107781-10 % 1,256759 6,222956 -10 2 ~1,273775 10 2 1,4001053 -10 -3,168401 10 %
4 | 2129682 10 2|  -5,608659 -10 1 -8,382342 10 2 9,38497 10 2 ~2,7979589 10 4 3,3979946 10 *
5 | 1328377.10°|  2,477563 10 6,921469 -10 2 8,047757 10 2 2,7254276 10 * -3,4194103 10
6 | -3739348 104  -8,650025-10 2 3453679 10 2 2,732533 10 3 715042234 10 1,4519652 10 *
7 | -1,741775109  2,015339 .10 2 1,0322371 10 2 3471429 104 48021276 10 © 2,8638253 10 ©
8 | 2207171-10°|  -2,693453 10 2 71,699491 -10 2 -8,267041 10 2,0409849 10
9 | 153437310  1,55318.10 % 1,1936422 -10 5,968357 -10 7
10 | -4.268569 10 7
11 | -4,29246 10

36

A'=0,55492 +0,0023671, -0,00001062

A'=0,604331+0,0012582 ¢, - 0,0000048 ¢S

A'=107 -(68,73 -

0,0006
(t5 -140)*

wit

h 60<1, <120 °C. § <0,3%

J with 250<t,<355°C. 3 < 1%

with 120<1, <250 °C. 6 £0,3%

(2.31)




a6 | 168838 400,36 & 36,506
v'=10""- - +

- . . 0,029335)
ls lg ls

WitthS tg <120 °C

v=10°. 13339 ¢ 0,00000007 £3 + 0,00006283 % - 0,02039 £g
with 120<175 <250 ‘C 0<0,59% -

tg with 250<75<340°C § < 5% (2.32)

Vl — Mlovl

Pr'= 13,1487 ~0:000000466 13 +0,0001934 13 - 0,03478 g with 10< i <120 °C

3

Pr'= 12’1 183 e -0,0000001 z5 + 0,00009021 lsz - 0,026845 tg With 120 < tS <250 °C. 8 < 0,48%

with250 =173 <300 °C 5< 3,5%:- (2.33)
k"le'z-( % 0, j .
400 - 1 with 100=73 <345 °C. 5 <59 (2.34)
W'=10" .(29,23—1,079 355-t )with 80<¢, <350 °C’ 3<7%: (2.35)
w110 0,64 ]
403 - 1 with 10025 <330 °C §<15% (2.36)

As can be seen from the above dependences, the errors in calculating the

thermal conductivity A; and dynamic viscosity p of water vapour on the upper

boundary curve are very large. However, these values are not taken into account in

the calculation of heat transfer coefficients in the studied devices. They are given

here for a complete description of the thermophysical properties of water and water

vapour at the saturation line.

At pressures of unheated water p up to 2MPa, its parameters differ little from

those of water at the saturation line (dependences (2.27)-(2.33) if the temperature of

unheated water t s is substituted for the saturation temperature t °C. For larger values

of water pressure, a correction is necessary. The analysis of formulas [2, 8] shows
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that the parameters of unheated water consist of the parameters of water on the lower
boundary curve at its temperature and corrections for pressure dependence.
Therefore, terms [2, 8] are added to the parameters on the saturation line to account

for pressure dependence:

183,72 pp,

iy =i'(tg)+ 1,407 py, — 290—s
~'B

with pz up to 40 MPa and 130 < tz < 330 °Cor

pp up to 1 MPa and 50 < tz < 300 °C; 9=1%; (2.37)
1
VB =
+0,306p, (1+0,000037 £,°)
V'(ty
with pp up to 40 MPaand 5 < tz < 300 °C; o< 1%_ (2.38)

Ay = w(tB)+5,93.10‘4pB(1+5.10—5(zB —115)2)

3
with pgz up to 40 MPa and v < 0,002 % ;6<1% (2.39)

hp = W'(15)+2,55-1077 py
with pg up to ps and 15 < tz < 355C ; 9 =1% _ (2.40)

Pry = Pr'(t5) —3-107% py (2, —180)°

with pj up to 40 MPa and 27 < tz < 330 °C, 0= 1% (2.41)

The specific volume Ty of superheated steam (real gas), depending on the
temperature Tp in degrees Kelvin and pressure pn 10 ° Pa (bars), can be calculated
with a given accuracy based on the virial equation of state with interpolation to the
third coefficient [9-11]:
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_ Ry Ty

l+bpy +cpy + :
IOOpn( pntepn +fpn)

, (2.42)

Yn

where T = tg +273,15;

t 71— temperature of superheated steam °C;

Ry =0,46151

R — Constant gas water vapour, [ il

kg k)’
b, c end f — the first, second, and third temperature-dependent verification

coefficients:

=0 N I S (2.43)
P (1000}1
c=10""->c;
Jj=0 Tl‘l ; (244)
o & (1000}
f =10 S'ij( T )
RN (2.45)

where bj, cjend fj— The coefficients of the polynomials of the approximation

of the virial coefficients are shown in Table 2.2:

Table 2.2 - Polynomial coefficients

bj Cj fj

0 |-50114 |-29,13316 -34,55136
1 |19,6657 | 129,6571 230,6962
2 | -20,9137 | -181,95576 | -657,2189
3 |2,32488 | 0,704026 1036,187
4 |2,67376 | 247,9672 -977,4513
5 |-1,62302 | -264,05235 | 555,889

6 117,60724 | -182,0987
7 -21,27667 30,5542

8 0,524802 -1,991713
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As is well known from thermodynamics, the enthalpy of a real gas is

determined from the state characteristic function:

oT

i(p,T)=io(po,T)+I{v T(av) }a’p
P , (2.46)

where %0(Po>T) s the enthalpy of a substance in an ideal gas state (in the limit
at an initial pressure po ) and a given temperature T .

The beginning of the enthalpy reference is related to the beginning of the
internal energy reference. In accordance with the international agreement, the
temperature and pressure at the triple point are taken as zero for water (To=273,16K
Ta Po =611,2 Pa).

Substituting the function of the specific volume of superheated water vapour
vy (virial equation of state (2.42) into the expression under the integral of the

characteristic state function for enthalpy (2.46) and the value for water i (P, T)

(superheated steam), we obtain an expression for the enthalpy of superheated water
vapour I, depending on the temperature T, in degrees Kelvin and pressure pp s 10°
Pa (bars) [9-11]:

i =1808,92+1,4829T;, +3,7903-10* T;,* +46,174InT}, —

ar, P 2 ar P T 3ar, (2.47)

db de df
where 9%, dTiend 4%, and are the temperature derivatives of the first,

second, and third verification coefficients (2.43)-(2.45):

db _ 5 1000)""
%m0

dT, T,

; (2.48)
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3 J+1
gy CJ(IOOO]
4Ty N T (2.49)
J+1
I g 109
dTy n/ (2.50)

where bj, ¢;j, i, fj are the coefficients of the polynomials of approximation of

the virial coefficients from equation (2.42), which are given in Table 2.2.

The thermal conductivity Ar, dynamic viscosity pn and Prandtl number Pr
1 Of superheated water vapour are well described by the dependencies [2, 8]:
-4
N 1,547-10

1,25
Vi

Ay =4,443-10°7, "%

3
with pg up to 40 MPa and v < 0,005 7:—g ;0 < 1%_ (2.51)

] 0,431
T
with pr < 40MPa, ¢ < 500°C ;0<1% (2.52)
50
Pr; =0,8+
¢ 325+ 10000
10,19p, +23
with 0,015 < py < 8MPa, 50 < f; < 600°C 6<1% (2.53)

where T 1 is the temperature of superheated water vapour in degrees
Kelvin, T p=t y+273,15;

t 11 is the temperature of superheated water vapour in °C;

p - IS the pressure of superheated water vapour in MPa;

I]]."=

vz is the specific volume of superheated water vapour, kg V=V ( Trr, p)
Is calculated according to the equation of state (2.42), where p r is the pressure in

10° Pa (bars).
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2.3. Coefficients of heat transfer, heat transfer and thermal conductivity of pipe
wall materials

In this case, the heat transfer coefficient through the cylindrical pipe wall,
attributed to the outer surface, is determined as follows [2, 4, 8, 13 -20]:
1

dsos 1 | dsopy dsog, 1°
T T
dpnay 2Acr dpy  ap

K =

(2.54)

where d ggand d 3op are the internal and external diameters of the pipes;

oz and a2 - heat transfer coefficients of heat carriers washing the pipe from the

inside and outside;
Acr - thermal conductivity of the pipe wall material.

When feedwater moves inside straight smooth round pipes, the heat transfer
coefficient for turbulent flow (Re >8000) is determined as follows [1, 2, 4, 8, 13-
17,19, 21]:

_for 0,5<PI‘<25:

o= 0,0232Re°’8 Pr’ g,

: (2.55)
- for 8000< Re <5- 10° and 0,6 <Pr< 2500:
o= O,OZI&ReO’S Pr'% g g,
d , (2. 56)
Re = W—d
Re — Reynolds number, Vo

W — average coolant velocity;

Pr, v, A - thermophysical properties of the heat carrier (Prantl's number, kinematic

viscosity, thermal conductivity), determined by the average flow temperature;

d, L - internal diameter and length of the pipe from the flow inlet;
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g - is the correction for the initial section, at . otherwise it is

determined according to tables and nomograms [16];

Pr

0,25
Pr j
Prer/ " for cooling;

0,06
J oo
Prer/ for heating and

&t - temperature correction
where Pr, is the Prandtl number determined by the wall temperature.
When the medium moves inside curved smooth circular pipes (spiral coils),
the heat transfer coefficient is determined as follows:

fy = € - £; (2.57)

where « - is for straight pipes;

i

. !
g3 - correction for curvature, = =1+177-= [1, 2, 4, 21] or & =1+

11,11d% [2];

; . . l
where R is the average radius of curvature of the coil, R = —F—;
ZnanHn

n - number of turns in one plane of the coil;

N = - number of planes in one coil;
| » is the working length of the spiral coil (formulas (4.8) or (4.9).
When a fluid moves in rough circular pipes, the heat transfer coefficient is
calculated taking into account the roughness [1, 2]:

(2.58)

Oy =0 &y

where « is taken for straight or curved smooth pipes;

()
S/ .

e - correction for roughness, :
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where Errand Epy are the hydraulic resistances for smooth and rough pipes, the

definition of which is described in clause 2.5.

In real high-pressure regenerative feed water heaters and low pressure regenerative
feed water heaters, the flow in the tubes or coils is clearly turbulent (determined by
flow rates and velocities) and the length of the tubes or coils is much longer than the
initial section. In addition, there is no initial section as such due to the high
turbulence of the flow at the inlet. Therefore, formulas (2.55)-(2.57) with a
temperature correction g can be used for high-pressure regenerative feed water
heaters and low pressure regenerative feed water heaters. The effect of the surface

condition on heat transfer in real heat exchanger operating conditions is given below.

Bundles of pipes with a staggered row arrangement are used in low pressure
regenerative feed water heaters. The less efficient corridor arrangement is not used
here. In the case of the high-pressure regenerative feed water heaters, the two-plane
spiral coils are wound in such a way that a staggered arrangement of turns in
different planes of the coils is obtained. In the case of single-plane spiral coils, their
ends are welded to the collectors in a staggered manner, which preserves the
possibility of replacing the coils without removing the neighbouring ones [1] and
ensures a staggered arrangement of turns in separate planes. After the modernisation,
only transverse flow of steam or condensate through the spiral coils is provided in

the design of the high-pressure regenerative feed water heaters.

The heat transfer coefficients for the cross-flow of staggered tube bundles are

as follows [16]:

 Re<6.10° o=C"Re"PrO
with d , (2.59)

where the values of C, m are given in Table 2.3.

44



Table 2.3 - numbers C and m depending on Re

Re C m
from to
0,1 4 0,99 0,305
4 50 0,86 0,41
50 1-103 0,59 0,487

1.103 5.103 0,665 0,47

5.10°3 5.104 0,22 0,6
5.104 6-104 |0,026 0,8

~ Re>6-10 a= 0,334&Re0’6 Pr'%e g
with d , (2.60)
where Re is the Reynolds number , v,
W- is the coolant velocity in a narrow cross-section of the bundle;

Pr, v, A - thermophysical properties of the heat carrier (Prandtl number,
Kinematic viscosity, thermal conductivity) determined by the average flow

temperature;

d - outer diameter of one tube;

gz - correction for the initial section (number of rows or steps z ), at

z>30 ¢, =1, otherwise determined by tables and nomograms [16];

0,25
_ Si7d 509 gg =1 Si7d o7 esz(sl_d)
gs - correction for steps, S—d at S—d S—d :

S - is the diagonal spacing of the partition s=_/0,2557 +s2, in the case of the

triangular partition S=S ¢ ;
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S 1, S - pitches of pipe rows on the pipe board in the transverse and longitudinal

directions, with transverse flow of spiral ¢ _ s¢ coils; 52 =5s
=

oW

S k- average installation pitch on collectors in the zones (condensate cooling or
steam cooling);

S 5 - spiral coil winding pitch.
n 7 - the number of planes in one coil (single-plane or two-plane).

In some tubing designs, longitudinal washing of pipe bundles can be arranged
(in integrated or separate condensate coolers). Such washing of the outermost pipes
in the bundle is mainly performed when the condensate flow passes from one pass
to another [4, 15, 21]:

- for the laminar flow regime (Re < 2000):
o =0,15Re”” Pr’* Gr'e g,. (2.61)
- for the transient flow regime (2000 < Re < 8000):

a=K,Pr'®%¢,; (2.62)
- for the turbulent flow regime (Re > 8000 ):

. W d
where Re is the Reynolds Re=— “E number,
@ 4
Gr -  Grasgoff Gr—28U=—Ud nymper,

L=

W - is the average velocity of the coolant;

g - iIs the acceleration of free fall;
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r, v, A, f— thermophysical properties of the heat carrier (Prantl's number, kinematic
viscosity, thermal conductivity, isothermal compressibility coefficient) determined

by the average flow temperature;

t ¢ - average wall temperature;

2¢/3 (8Y*
d g - equivalent thermal ‘iﬁz‘i( - (E) ‘1) diameter, for

bundles with a triangular breakdown (staggered bundles) in the zone of the control

of the tubing, and in the general case 4z = % [1, 2];

d - is the outer diameter of one pipe;

S - is the diagonal spacing of the triangular division;
f - flow area (live section);

W(TI) - wetted perimeter;

&t - temperature correction, which is determined as for the flow inside smooth
pipes (formulas (2.55) and (2.56));

e - is the correction for the initial section, at £ ., _ _,, where L is the length

€]

of the pipe from the inlet, in dL <50 laminar flow is determined according to Table
€]

2.4 [4, 21]:

Table 2.4 - Correction for the initial section for laminar flow

L/d g 1 2 5 10 15 20 30 40 50

€l 19 |17 |144 |1,28 |1,18 |1,13 |1,05 |1,02 |1

K o - is a dimensionless complex for the transient flow regime, which is determined

according to Table 2.5 [4, 21]:
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ap - 1s calculated by formulas (2.55) or (2.56) for the flow inside smooth pipes, but

with an equivalent diameter d g ;
&np - corrections in the longitudinal flow of pipe bundles for the turbulent flow

: _dy
regime [1], e, =1+0,91Re ™' (1-2¢ ).

Table 2.5 - dimensionless complex for the transient flow regime

Re-10 3 2,2 12325 |3 3,54 5 6 7 8

Ko 22 (36(49 |75 (10 |12,2](16,5 |20 |24 |27

As can be seen from the above formulas, some of the coefficients included in them
are given in tabular form. Calculations using tables on a computer are difficult.
Therefore, the dependencies for g1 K o were interpolated using the least squares
method [22, 23]:

= | (2.64)
K, =10° -ib,.( Re j
izt \1000/ 2200 < Re <3500, (2.65)
2
Ky = Zci( Re )
5 \1000/ 3500 < Re < 8000 (2.66)

where a i, bjii are the coefficients of the polynomials given in Table 2.6.

In the case of steam or condensate entering a bundle of smooth pipes with an angle

<90 ° the determination of the heat transfer coefficient with an error of 4% will be
as follows [2]:
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Table 2.6 - Polynomial coefficients

[ ai bi Ci
2,0300504 -1,3283445 -7,5261221
-1,74698297 -10 1 1,90784023 5,5443615
1,45988302 -10 2 -1,02064144 -1,52679851

-6,0206858 -10 * | 2,41442158 -10*

A W N | O

1,15830753 -10 ° | -2,12449557 -10
5 | -8,29717478 -10 8

The interpolation error of these formulas is slightly more than 2%.

&= %non®e. (2.67)

where oo - is the heat transfer coefficient for the cross-flow (¢= 90 °), which
is calculated by formulas (2.59), (2.60);

gy - Correction for the angle of attack of the flow,
g, = 0,25sin(2p —70)+ 0,75,

If 60 "< <90 ° the nature of the washout is transverse, and if 0 °< ¢<10 °,
it is longitudinal. Then, instead of amon , it is necessary to take the heat transfer

coefficient for the longitudinal flow (formulas (2.61) - (2.66) and g4= 1;

In the case when one part of the pipe bundle is washed longitudinally and the

other part is washed transversely, the heat transfer coefficient is calculated as follows

[2]:

where amon ta anp - are the heat transfer coefficients for the transverse

(formulas (2.59), (2.60) and longitudinal flow (formulas (2.61)-(2.66));
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F norr, F npand F - are the areas of heat transfer surfaces of transverse, longitudinal

wash and total in the zone;

N non, Np and N - are the number of tubes of transverse, longitudinal washing
and total in the zone.

Frion Or Nnon >85%,, the entire tube bundle is considered to be cross-washed.
F N

In the old designs of the condensate coolers and LW zones of the HCF, mixed
steam and condensate washing of the spiral coils was used before the modernisation.
With this flow pattern, steam or condensate entered a group of spiral coils through
horizontal holes in the casing, then washed the coils parallel to their plane and exited
to the next group through the same hole in the other side of the casing. Thus, steam
or condensate washed several groups of spiral coils in succession. This movement
of steam and condensate is accompanied by large hydraulic losses and is inefficient

in terms of heat transfer [1]. The heat transfer coefficient for this case is as follows

[1]:

A . ,
a = 0,0165 - - Re™ . pr™t
1E , (2.69)

W - dg

where Re - is the Reynolds Re= number, ;

Pr, v, A— are the thermophysical properties of the heat carrier (Prandtl number,
Kinematic viscosity, thermal conductivity) determined by the average flow
temperature;

af
dr - is the equivalent thermal 9= 77 diameter, ;
f - flow area (live section);
W (71) - wetted perimeter.

In the spiral-collector type heat exchanger control zones, film condensation of
steam occurs on horizontal pipes (spiral coil planes), and in the high-pressure

regenerative feed water heaters control zones - between condensate separators
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(vertical sections of U or U-shaped pipes) and on bends (horizontal sections). The
heat transfer coefficient of such a process is determined by the dependencies given
in[1, 2, 4, 8, 13-20].

For film condensation of pure steam in vertical sections of pipes and laminar
flow of the condensate film, the average heat transfer coefficients are determined
from theoretical studies by Nusselt. According to this theory [14-20], the local heat

transfer coefficients are as follows:

1
N :M:£7»K3rng(pK —p")}4

X 8 4“KAtn_CTO_xx (270)
1
o :M:(KK3rng(pK_p )JS
X 1) 3Hqu_xx | (271)

where X - is the coordinate along the length of the pipe;
o - is the local thickness of the condensate film;
g - is the acceleration of free fall;

pi r - 1s the vapour density at the film surface and the latent heat of vapour

formation, determined by the saturation temperature t s;

Ak, Pr, uk - thermal conductivity, density and dynamic viscosity of the

condensate film, which are calculated at its average temperature t  ;

At croxand g, x - are the average private temperature head ‘vapour-wall’,
At ii.ct =t s-t c1, and the heat flux density from the beginning of the section (0) to

the coordinate x .
the indices ‘m” and ‘ct’ refer to the interface and the wall, respectively.

Assuming that the distribution of the condensate temperature across the film

thickness is linear from the wall temperature t cryx o t s, the solution of the Nusselt
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equation gives a parabolic distribution of velocities in the film along the thickness
[15]. The thickness-averaged value of the condensate film temperature (both local
and average along the length), which is used to calculate its properties, in this case

Is EQ:

3
Ix =g —g(fs —tcr) 2.72)

The value of the average condensate temperature can be used to calculate the
temperature and enthalpy of the condensate at the outlet of the area or zone under

consideration.

Given a known distribution of local heat flux densities g x or temperature head
At ii.ctx and heat transfer coefficient Ax along the length, the heat transfer coefficient

is usually averaged using two methods [14]:

L
[qdx
—_ 0
o= 7 p
[—*dx
00y (2.73)
1 L
o = —jocxdx
Ly & (2.74)

It should be noted that the method of averaging according to formula (2.73) is
preferable [14], and dependence (2.74) is a special case of averaging when At 1-crx
= const (for this case, formulas (2.73) and (2.74) give similar results). Assuming At
-ctx= const in formula (2.70) and g x = const in formula (2.71) along the length of
the vertical pipe section L under consideration, taking into account the mediation
according to (2.73) or (2.74), the dependencies given in the literature [2, 4, 8, 1320
-] are obtained. As a result of the mediation according to formula (2.73), it turns out
that at At 17.crx = const and g x = const , the same results are obtained [14, 24], and

according to (2.74), for g x = const, values are obtained that are 13% higher than at
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At 11.ct x= const [15]. Average heat transfer coefficient from the condensate film to

the wall with corrections:

1 4 1

0 =C-B-Rey 3(e,6, )3 op 0= G- A (LAt 1) 48,8 (575

where the coefficients C = 0.925, C ; = 0.943, regardless of whether At ;;.ctx= const

or q x = const;

At .ct - 1S the average temperature head of the vapour-wall in the section, At rj.cr=
ts-ter,

g - is the average heat flux density through the pipe walls in the area;

Re k -is the Reynolds number of the condensate film,

Re, =
© g mdpy

G k- is the mass flow rate of condensate condensed in the pipe section;
L - is the distance between the condensate baffles;
d - outer diameter of the pipe;

Re kp - is the critical Reynolds number of the condensate film during the transition

to the turbulent regime of its flow;

gy - 1S a correction for the wave nature of the film flow, where surface tension

forces are taken into account; at Rex <4, the film flow is only laminar and e, =1,

otherwise it is laminar-wave and &, = Re,"™;

1

) . 308
&t -1S the temperature correction, £, :((%Tj K ] .
A Her'

3 "
A is the parameter, 4 :%‘K rgPk (Px —P") .
Hk
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oL

Nu - Nusselt number, Nu = r?
K

Pk

o[
Ar - Archimedes number, Ay — —ZpK;

Vk

) 1 2 "\)3-
B - Parameter, g _ 3 7»LK=KKVK—{9(1_D :

Act, Uer - thermal conductivity and dynamic viscosity of the condensate film near

the pipe wall, determined by the temperature of the outer wall t cr;

A', u' - thermal conductivity and dynamic viscosity on the surface of the condensate

film, determined by the saturation temperature t s;
vk, Uk - Kinematic and dynamic viscosity of the condensate film;

Some authors [2, 4, 15, 16] present formula (2.75) in a form that already takes
into account the correction for the wave character of the film. In this case, &,=1,2 is
assumed. In this case, the coefficient C ; =0,943 is replaced C ; =1,13, and the

correction v should be taken into account.

In the case of mixed laminar, laminar-wave and turbulent flow of the
condensate film, the heat transfer coefficient is calculated by the specific gravity of

the laminar-wave and turbulent regimes at the length L [15] (Rey > Reyp):

, (2.76)
where ot i the heat transfer coefficient in the turbulent section;
our - heat transfer coefficient in the laminar (laminar-wave) section;

X kp - 1S the distance from the point of condensation onset to the point where

Rey = Reyp.
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_1 1 4
Taking into account that , ke _ Rexe Pk +9) "Ny . Ar 3 =C-Reyp3(e,¢, )3, OF Pr (
L Nu ;

Nu_is a set of similarity criteria and , the expression for

K+ @) —, where pr(k +¢) =
€k

the average heat transfer coefficient is obtained in a generalised form:

o+ Re
o= T "€y

Rey—Reyp+ OL—TReKP
oy . (2.77)
Thus, the average heat transfer coefficient along the entire length significantly
depends on the choice of the value of the critical Reynolds number Re gp of the
transition of the flow film regime to the turbulent one. When water vapour condenses
on a vertical surface, it is recommended to take Re xp equal to 100 [1, 2, 16]. Taking
into account the expression of the heat transfer coefficient for turbulent flow, after

some transformations, the final dependence is obtained:

B 0,16Pr, " Rey

4
Rey —100+80,287(¢, &, )3 Pr "> (2.78)

where the coefficients &, ta & correspond to formula (2.75).
It should be noted that the value of the complex given in references [2,
4, 16] 80,287 (g,&,) 3 =63

corresponds to g, =1,2 without temperature correction.

The average heat transfer coefficient, taking into account the velocity of
the incoming steam flow, is multiplied by the correction ew. In the case of laminar

(laminar-wave) flow of a condensate film

(Reg <Regp), the correction for the velocity ew is determined by the dependence

shown in Fig. 2.2 [8]:
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Fig. 2.2 - Correction to the heat transfer coefficient for the velocity of steam flow

at laminar flow of a condensate film

To make it possible to calculate on a computer, this dependence was
interpolated by the least squares method [22, 23] with an error of no more than 1%,

which has the form of a polynomial:

g =1+11929964-107" z — 6,104004525-107 2% +
+2,739704104-107* 2> —2,739704104-107° z* (2.79)

plr Wuz &0
100gp' !

where z - is the parameter, ; =

a.0- Itis calculated by formulas (2.75) - (2.78).

When Re, > Re,, corrected for the steam speed, it will have the form [2, 4, 8, 16]:

1
1z 5 "
sW=1+0,013(p j W

P (v (2.80)
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The defining vapour velocity in formulas (2.79) and (2.80) W * is the

geometric mean:

- JW"%WLW'I AR AT
3 , (2.81)

where - W " 11 W " , are the velocities of steam at the inlet and outlet of the

condensation zone, if the steam is completely condensed, then W ” 2 = 0.

The heat transfer coefficient for film condensation of practically slow-moving
steam on a single horizontal pipe is also determined in accordance with the Nusselt
theory. Here, the assumptions are made that the film flow is laminar, condensate
flows from the lower forming pipe, the temperature head At ;_cr is the same along
the length of the pipe and the circumference of the cylinder base, and the film

thickness on the upper forming pipe is finite (non-zero).

After integration along the circumference of the cylinder base, the heat transfer
coefficient of such a process is determined by the Nusselt equation, taking into

account the corrections [2, 4, 8, 13 -20]:

L4 !
oy = C-B .ReKO 3 &3 Ta oy = ClA(dAtH—CT )_th , (282)

where at At p.cr=const C =0,9541C 1=0,725;

Re ko - the average Reynolds number of the condensate film on the upper pipe,

calculated along the entire circumference of the cylinder base, or Rey, = g7 o
rHg

G
RCKO = K 1

Lpy

G k- iIs the mass flow rate of condensate condensed on the pipe;

L - is the length of the pipe;
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d - outer diameter of the pipe;
&, A, B - coefficients given in formula (2.75);

On pipes of small diameter, the wave motion of the film does not have time to form,

so the correction g,,,, IS not taken into account.

Nusselt's equation is valid for film condensation of practically slow-moving

steam and laminar (laminar-wave) film flow (i.e. p" W " 2<30 i Re, <50 ) for the

upper row of a bundle of horizontal pipes or the upper plane of a spiral coil block,

where W ° -is the steam velocity at the inlet to the tube bundle or spiral block (in

the top row);

Re k- is the average calculated Reynolds number of the condensate film in the pipe
bundle:

Re, = 0,785 99 4 Omc
g 2pg ’ (2.83)

where G px is the amount of condensate flowing per unit length of pipe from the

upstream pipes.

The average heat transfer coefficient for the entire pipe bundle or spiral block

enclosed between condensate baffles [2] is as follows:

1
1) 4
o = STPOLO —
n (2.84)

erp - correction for the appearance of pipes, erp = 1 for straight pipes, erp = 0,9 for

spiral coils [2];

n - is the number of pipes vertically, n =np for a corridor bundle, n =0,5n p for a

np
1,5

staggered bundle, ; = ZF for spiral coils;
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np - the number of rows of pipes or planes of spirals located vertically between two

condensate drainage partitions or in the bends of U- or I1-shaped pipes.

Almost all domestic heaters are designed in such a way that the condensate film flow
in them is assumed to be laminar or laminar-wave. Existing theoretical studies for
heat transfer during condensation of a slowly moving clean steam in the area of
laminar and laminar-wave film flow on a clean smooth surface, based on Nusselt's

theory, are in good agreement with experimental data [1].

The formulas are derived in an integral form for two cases of boundary
conditions At r.cr = const or g = const along the length of the pipe section under
consideration. In the process of steam condensation on the outer surface of pipes,
where a heated coolant flows inside, in general, these parameters are not constant
along the length of the pipe axis. The method of mediating the heat transfer
coefficient according to formulas (2.73) or (2.74) does not cover the entire heat
transfer equation. In this case, it is necessary to take into account the distribution of
all local private temperature heads along the length, and thus the condensation heat
transfer coefficient (which includes the private temperature head), heat transfer
coefficient and heat flux density. Thus, the average condensation heat transfer
coefficient can only be calculated correctly after the entire local heat transfer
equation has been integrated over the length (i.e. concentrated). If the average
temperature pressure is assumed to be logarithmic, the average condensation heat
transfer coefficient can then be expressed from the integral heat transfer coefficient
formula (2.54). However, it is possible not to average the condensation heat transfer
coefficient, but to conditionally calculate it according to the known relationships
(2.75) or (2.82) (i.e., to set At i;-ct = const along the length). After integrating the
entire local heat transfer equation, taking into account the distribution of private
temperature heads along the length, the average temperature head is determined from
it, which in this case will no longer be logarithmic. In this case, the conditional

average heat transfer coefficient is calculated according to (2.54).
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In the studied heat exchangers, the heating steam usually contains dissolved
non-condensable gases (air components), the surface of the pipes can be rough and
in operation is covered with a significant layer of corrosion and deposits, which

significantly affects the heat transfer rate, especially during condensation.

The heat transfer coefficient in the presence of non-condensable gases [13,

14] is conditionally determined by the Newton-Richman formula:

ts —ler (2.85)

where t s is the saturation temperature at the partial pressure of steam in the

mixture p i1, I1a; according to Dalton's law, pnu=p cm- P B;

p CM and p V are the pressures of the mixture and the partial pressure of air

in it, Pa.

The magnitude of the heat load transferred from the vapour-air mixture to the

film and the film to the wall must satisfy two equations [13, 14]:

q =(r+ADBp(pp _pnrp); (2.86)
q = Oy (frp — tCT)' (2.87)
where Ai - is the value of steam overheating, Ai=in—i ", JKg;

heat of vapour formation r and i ‘ are determined by p 11 ;
Bp - is the mass transfer coefficient, kg/( m 2 -Pa) or s/m;

pnrpand t rp are the saturation pressure, Pa, and the vapour temperature on
the film surface, taking into account its decrease, determined by the method of

successive approximations;

amn - IS the heat transfer coefficient from the film to the wall, determined for

pure steam at its partial pressure, W/(m 2 -K).

For a steam-air mixture, the partial pressure of steam is:
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__ Pcm

Pn

where ey is the mass content of air relative to steam, ¢, = G
G

G gTa G 11 are the air and steam flow rates.

The mass transfer coefficient Bp related to the partial pressure gradient is determined

by analogy with the heat transfer coefficient:

B, = Nu,D,
d | (2.89)

where d - is the outer diameter of the pipe;

D » - is the diffusion coefficient for steam, referred to the partial pressure

gradient, (kg/m -Pa) or from:

DM

D, =
Rlcw (2.90)

where M - is the molecular weight of the vapour, M = 18 kg/kmoll;
R - is the universal gas constant, R =8314 J/(xkmoll -K);
T cm - is the temperature of the mixture, K;

D ;. - is the coefficient of mutual diffusion, m 2/ s:

4 n
D, , =D, 3,648 -10 (TCMJ
Pemt 273

(2.91)

where D o is the coefficient of mutual diffusion m 2/c at p cv= 760 mm Hg.
Art.and T v = 273;

in the temperature range of 273 +677,5 For a vapour-air mixture, D ¢=2,106 -10 °m

2[s,in =1,82 [13]; here p cum is substituted for Pa.
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Nu p - is the Nusselt diffusion number taking into account the effect of the

transverse mass flow [13]:

Nu,,

Nu, =Nu,,| —=
D Dl(NuDl)

, (2.92)

where Nu p1 - is the Nusselt diffusion number without taking into account the
influence of the transverse mass flow. Analogy with the Nusselt number for pipe

flow by replacing the Prandtl number with the diffusion number [13, 14]:

Pr, = M
5=
Nup, = f(Rey, Prp) gng Dy (2.93)
Ve = Hem
where veu - IS the kKinematic viscosity of the mixture,; Pem

where pcwm - is the dynamic viscosity of the vapour-air mixture:

_ (I—gy )y +1,6le, pg
1+ 0,618V (294)

Hem

where ¢y is the volume content of air in the mixture:

ey =

Eum (2.95)
pcy 1S the density of the mixture, pcm= pn+ ps;

o, P, w1 g are the densities and dynamic viscosities of steam and air

calculated from the partial pressure p ;7 p and the temperature of the mixture T cvm ;
Re cm -is the Reynolds number of the vapour-air mixture:

Recy = €
VC L] (2-96)
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where W ¢y is the average velocity of the vapour-air mixture:

Wem = GemPon/ , (2.97)
where G cum - the mass flow rate of the mixture, Gcu=Gn+ G ;

f - is the flow area in the narrow section of the pipe bundle.

. u
The correction factor D

is equal to [13]:
Upy

- for the turbulent mode of the steam-air mixture flow Re,, >1000:

Nu _ _
D =0,619¢, "1, 01< % <23
Nup, aa (2.98)
NuD — 0’7448V—0,84HH—0,16 2’3 < % <10
Nuy, at i (2.99)

- for the laminar regime of the vapour-air mixture flow Re,, <1000:

N _ _
NuD =0,782¢, " 11, 0,1<187V<1

Upi at i (2.100)
Nu

P =0,782¢, 7,7 1< ;—V <10
Nup, at  n (2.101)

where [7 i - is a dimensionless parameter, , = Pu = Pure
Pcm

Since the parameters of the interface t rp i p rp are not known in advance, they
are usually calculated by the method of successive approximations. In the process
of iterations, the heat load g from the vapour-air mixture to the film and from the
film to the wall is determined (formulas (2.86) and (2.87), and their imbalance is
considered. This imbalance should eventually be equal to zero. To speed up the

convergence of iterations, it is advisable to use the chord method [22, 23].

63



The correction factor for the heat transfer coefficient during condensation of

steam from the vapour-air mixture will be considered as follows:
oL = Oy €

and

s —ler (2.102)
The average temperature of the condensate film, which is used to calculate its
properties, taking into account the formula (2.72):

3
Iy =1Irp _g(trp _tCT) (2 103)

According to [1], industrial tests of steam-water heat exchangers, whose tubes
are usually covered with a layer of corrosion, show that heat transfer in them often
coincides with the data for smooth tubes (except for the condensation process). The
effect of natural roughness, which increases heat transfer, and the thermal resistance

of rust and deposits, which reduces heat transfer, are mutually compensated.

The film condensation process is strongly influenced by the surface condition
of the pipes. Correction factors for the surface condition during condensation are
given in Table 2.7. [1, 2, 16]:

Table 2.7 - Correction factor for surface condition

Pure brass pipes 1,0
Stainless steel pipes 1,0
Pipes made of pearlite and carbon steels 0,75 +0,85

Heavily oxidised, uniformly rough surface of carbon | 0,7 =0,75

steel pipes

64



The thermal conductivity of the main pipe materials used in surface heaters
[2] is given in Table 2.8:

Interpolation formulas for thermal conductivity as a function of wall

temperature t cr °C

The main materials of pipe heating surfaces used in low pressure regenerative

feed water heaters and high-pressure regenerative feed water heaters are given in

Table 2.9.

Table 2.8 - Thermal conductivity of the main pipe wall materials used in high-

pressure regenerative feed water heaters (ITIBT) and high-pressure regenerative feed

water heaters (ITHT) %

Temperature Brass Steel
‘C JI-62 | JI-68 | JIO70-1| 20 | X5M | 22K | 15XM | 08X18H10T | 08X14MD
0 105,8|100,0| 105,8 - |1 37,2 - - - -
100 119,8|107,0| 109,3 (50,7| 35,9 |49,4| 44,4 16,3 24,7
200 137,2|112,8| 110,5 |48,6( 35,2 | 47,7 - 17,6 26,0
300 152,4|121,0| 114,0 [46,0| 34,8 |45,6| 41,4 18,8 26,38
400 168,6 | 127,9| 116,3 |(42,3| 34,4 | 43,5 - 21,4 -

In accordance with [1, 2], the heat transfer coefficient from the insulation

surface to the environment in a closed room, taking into account convective and

radiant heat transfer
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a,=9,77+0,07(t;—t5) (2.104)
where t 5 - is the external temperature of the insulation, assumed to be 45 °C;
t g - is the ambient air temperature, assumed to be 25 °C ;

Heat loss through the enclosure insulation is considered to be:

Q: = o F5 (13 — 1)
| (2.105)

where F 3 is the area of insulation through which heat is transferred.

Table 2.9 - Thermal conductivity formulas for the main pipe wall materials used in
high-pressure regenerative feed water heaters (ITBT) and low pressure regenerative
feed water heaters (ITHT)

Material Error rate Thermal conductivity,
Brass JI 62 <1% ,,< fep <400 °C 105,4343 +0,1519 10 +1,6-10 1 2
Brass JI 68 <1% </, <400°C 100,0943 +0,0635 71 +16-10 1

Brass JIO70 -1

<1% ,0</., <400°C

106,0257 +0,025986 £y +10 % zcr?

Steel 20 < 0,5 % ,100<1, <400°C 51.85—0,0781¢p +4 10 10>
Steel X5M <0,5% ,9</, <400°C 37,14 - 0,0127 ey +1,5-10 1y 2
Steel 22K < 0,15 % ,100 </, <400°C 51-0,01481¢; 107 1
Steel 15XM < 0,01 % ,100<¢., <300°C 459-0,0151;
Steel 08X18HI10T | < 0,15 % o</, <a00°c | 16025425101 +32:10% 1y

Steel 08X14M D

< 0,15 % ,100<., <300°C

24,133+ 0,0084

66




2.4. Temperature characteristics

To calculate the thermodynamic and thermophysical properties, and thus the
heat transfer and heat transfer coefficients, and resistances in zones or sections of
heat exchangers, it is necessary to determine the average temperatures and pressures

of the heat transfer media.

There are several ways to mediate the heat transfer medium temperatures for
a zone, section or the entire heat exchanger. All of them can only give approximate
results of the averaging, because the derivation of exact dependencies of the average

temperatures of the heat transfer fluids encounters certain difficulties.

The mediation of the heat carrier temperature in proportion to the temperature heads

Is used according to [2, 25, 26]:

. Aty — At
frpzfax_ “Bmc — lgx) - ﬁ

, (2.106)

where At 5, At m1 At cp are the temperature heads: higher, lower and average

in the zone or section;

tsx and t . are the temperatures of the heat carrier considered at the inlet and

outlet of the zone or section.
It should be noted that this type of proxy cannot be used if At s~ At v.

The temperature of the heat transfer medium in the zone or section is well

averaged over the logarithmic mean:

mo | (2.107)

where t 51t v are the temperatures of the heat carrier in question: the highest

and lowest in the zone or section.
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The commonly used arithmetic mean of heat transfer fluid temperatures can
give quite accurate results in some cases, but it is better to use the logarithmic mean,
since in general the distribution of heat transfer fluid temperatures has a pronounced

exponential shape.

Average pipe wall temperatures are calculated from the Newton-Richman

equation for heat transfer or the equation for heat transfer through a cylindrical wall:

- average outer pipe wall temperature in a zone or section:

Q
f'.‘tg_f'_

!cwxua:rp — r3r_\r,r]':- -

or (2.108)

d3o®2 , d506 X2 d30B)
— tBHCp+ t3OBCp( dgn1 2 ACTln dgn

CT30B cp o 1+d303a2+d303 ar lnd30B ! (2109)
dga@1 2 A¢r den
- average temperature of the pipe inner wall in a zone or area:
S
'rcrr.mcp = !I-HC]:I r_ : _J
der o I
(2.110)
dpu @1 dpu a1, dBH)
_ t3OBCP+tBHCp(dHap“2 2 ACTlndSOB 2111
CTBH ¢p - 1+dBH @1_dpuai; dpu ' (2. )

dso62 2 Acy dzop

where t yap cpand t gy cp are the average temperatures of the heat carriers outside and

inside the pipe and are determined by formulas (2.106) or (2.107);

Q and F are heat fluxes transferred in a zone or section through the pipe walls

and the heat transfer area on the outer surface of the cylinder;
d napTa d gy are the outer and inner diameters of the pipe;

a1, o2 1 Acr - heat transfer coefficients from the inside and outside of the pipe,

thermal conductivity of the pipe wall material.
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The average pipe wall temperatures for calculating the heat transfer through
the wall Act are determined by the arithmetic mean of the temperatures of the outer

and inner walls:

l’--:rmra:]:u + 'rn:rz.H:]:u

Lc?n:p = 9

(2.112)

p align="justify"> An important temperature characteristic of a separate section or
zone of the heat exchanger is the average temperature head, which is the result of
solving the system of differential equations of heat balance and heat transfer for
elementary intervals. In the case of cross-flow and mixed mutual flow of heat
transfer fluids, which are most typical for surface high-pressure regenerative feed
water heaters and high-pressure regenerative feed water heaters, the average
temperature head is usually determined by the formula [2, 4.13-20, 26, 27, 32-37]:

where Aty rp IS the logarithmic mean temperature head against the flow, and in

general it is considered as follows:

A - A
Atn - Tt‘l
ni

Aty (2.114)
where A1 - s the temperature head at the inlet of the heating medium into the heat
exchanger or zone, At, =t —t,, in the forward flow and - A4 =ri ~Zk2. in the
countercurrent;
At,

- -is the temperature head at the outlet of the heating medium from the heat

exchanger or ‘a2 in the forward flow and A2 =2 ~fui- in the

countercurrent flow:;
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¥- is a correction factor to the mean logarithmic temperature head against the flow,
which takes into account the peculiarities of the mutual flow of heat carriers and

depends on dimensionless temperature complexes:

P — ZLH2 _tHl

e =t (2.115)
R= Iri — Iy

tuo —tur (2.116)

The issues of determining the correction factors to the logarithmic mean
temperature pressure for various heat transfer fluid flow patterns in heat exchangers
are discussed in detail in Section 3. In the case of multi-pass cross-flow of heat
transfer fluids in the condensate coolers and VVC zones of surface heaters, where the
heated heat transfer fluid (feed water) flows in the pipes and is mixed, and the flow
of the heating heat transfer fluid (steam, condensate) is close to complete mixing [2],

the generalised dependencies (3.48) can be used:
\lf == f(P, R, n, Z)’ (2-117)

where n -is the number of parallel elements (i.e., spiral coils or rows of heating

surface tubes) in one pass;
z- is the number of passes of the heating medium.

This generalised universal dependence also takes into account the scheme of
inclusion of the heating medium passages: common counterflow or direct flow

(described below in Section 3).

In the case of condensation of the heating medium, wheretro,=tr1=ts,i.e. R=0,

regardless of whether the flow is direct or countercurrent, the coefficient W is unity.
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2.5. Hydraulic characteristics

The continuity equation (law of mass conservation) for a one-dimensional
flow in the section of the steam condensation, steam cooling, condensate coolers

zones or other channel section is as follows:

v (2.118)

where G - is the mass flow rate of the medium in the channel section;
W - is the average velocity of the channel section;
f - is the flow area for the medium in the channel;

v - is the average specific volume of the coolant in the channel section.

The equation of pressure losses in the process of heat carrier movement in
the section of the steam condensation, steam cooling, condensate cooling zones or

other channel section is:
2

w
Ap:;Zi + Aprer (2.119)

where 2.8 is the sum of all hydraulic and local resistances in the channel

section;
Ap rcr - hydrostatic pressure;

Average heat carrier pressures are determined by the arithmetic mean value:

Pex T Prx .-'lp
| (2.120)

where p Bx, P sux and Ap are the pressures at the inlet, outlet of the zone or
section and the pressure loss in the zone or section.

The coefficient of hydraulic frictional resistance of the entire pipe section is
calculated according to the Darcy-Weisbach law:
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t~

EJTP = 7\'TP

|

, (2.121)
L

where Arp - is the friction coefficient per unit relative length @ ;

d - internal diameter of the pipe;

L - is the length of the pipe section.

For turbulent flow in smooth circular pipes, the following dependencies are
L
—>30
used Arpat ¢ [L,2, 4,8, 13 -20, 27-31]:

- Blausius formula for 4 -10 3 < Re <10 °:

App =0316Re™? (2.122)

- Filonenko formula for 4 -10 < Re <10 12:

hrp = (0,79085InRe~1,64) (2.123)
) Re — W7d
where Re - is the Reynolds number, v,

W - is the average velocity of the coolant;

v - is the kinematic viscosity of the coolant determined by the average flow

temperature.

For turbulent flow in rough circular pipes, the following dependencies are
used [17, 31]:

- in the domain of the quadratic law of drag EQ:

d -2
Agp = (0,8681n(3,7 AD

: (2.124)
- For all turbulent regimes, the formula is applicable:
0,25
Ap =0,1 1(A+ 68)
d Re/ (2.125)
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where A- is the absolute surface roughness.

The coefficient of resistance to transverse flow of bundles of high-pressure
regenerative feed water heaters pipes and low pressure regenerative feed water
heaters spiral coils in the condensate coolers and steam cooling zones at a staggered

arrangement [13, 17]:

E=E(z+1) (2.126)

where & - is the drag coefficient of one step, 5o = CRe™*?.

wd
Re=—
Re - Reynolds number, v,

W - is the average velocity of the coolant in a narrow section;

v - is the kinematic viscosity of the heat carrier determined by the average

flow temperature;
d - is the outer diameter of the pipe;

C - coefficient, the value of which is given in Table 2.10.

x, -1

Y = , - 2 2 ] ] ] ]
where  ¥2-1 X2 =1/025X7 + X3 s ihe relative diagonal pitch:

x =S
' d and d

Table 2.10 - Values of the coefficient C

\} X1 C

0,1+1,7 > 1,44 C=32+0,66(17—y)"*

144
01+1,7| <1,44 c:3,2+o,66(1,77w)‘~5+’0’11"1(o,8+0,2(1,77w)'>5)

1,7+6,5| 1,44 =3 C=044(y +1)?
1,7+65| <1,44 C=(044+(1L44—x))(y +1)’
>1,7 3-+10 C=0,062+0,21(10~x,) %
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S 1, S .- are the transverse and longitudinal pipe row spacing.
S
1,02 <2 <10
Drag coefficients in the transverse flow of spiral coils for
2-10%<Re <5-10 °[1]:
Sen =& &cn, (2.127)

where ecry - 1S the correction for spiral coils in a staggered arrangement

ecr =0,57+0,1 8(‘23 - 1) + 0,53(1 - 60,589,2(‘1?1JJ
(triangular lattice), ;
S1, S 2- are the pitches of the pipe rows in the transverse and longitudinal
5 S
directions, My | B2 =S
S k- is the average installation pitch on collectors in the zones (condensate
coolers or steam cooling),
S g - is the spiral coil winding pitch.
At longitudinal washing of pipe bundles in the tubing, the drag coefficient is

determined as follows [1] (2 -10 < Re <5 -10 °):
Smp =& €np (2.128)

where gpp - is the correction for the longitudinal washing of pipe bundles

e = 0,57 + 0,18(5; - 1)

&- is the drag coefficient calculated similarly to the flow in pipes (formulas
(2.121)-(2.125), but for the equivalent diameter d g, 4z = % ;
d - is the outer diameter of one pipe;
f - flow area (live section);
P - wetted perimeter.
In the case of steam or condensate entering a bundle of smooth pipes with an

angle of 20 "< <90 the definition of the drag coefficient will be as follows [17]:
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5= Snonto, (2.129)

where Enor - is the drag coefficient for the cross-flow (= 90 °), which is
calculated by formulas (2.126), (2.127);
& - Is the correction for the angle of attack of the flow,

€, = sin® ¢ + 0,16 cos’ ¢

If 0 "< <20 - the nature of the washout is considered to be longitudinal,
where instead of anor, the drag coefficient for longitudinal flow should be taken
(formula (2.128) and &y=1.

In the case when one part of the pipe bundle is washed longitudinally and
the other part is washed transversely, the drag coefficient can be considered as

follows:

_ Fron n @ _ Nron n Npp
€ =C&non F Emp F Oré Eron N Emp N, (2.130)

where Enonand Epp are the drag coefficients for the transverse (formulae
(2.126), (2.127) and longitudinal flow (formula (2.128)).

F non, F npand F - are the surface areas of the transverse, longitudinal and
total flows in the zone;

N or, N rpand N - are the number of tubes of transverse, longitudinal wash
and total in the zone.

If Fuon Or Nuon >85%, the entire tube bundle is usually considered to be
F N

cross-washed.

In the case of mixed washing of spiral coils in the condensate coolers and
LW zones of the LLD, steam or condensate is washed sequentially over several
groups of coils in their plane. This movement of steam and condensate is
accompanied by large hydraulic losses and is inefficient in terms of heat transfer [1].

The drag coefficient for such a flow is as follows [1]:
5= 3Mncear, (2.131)

75



where n cgxip - 1S the number of sections (groups) of spiral coils that are

washed in series.

In the steam condensation zone, the hydraulic resistance coefficient (steam
resistance) is determined according to formulas (2.126)-(2.128) by the average
velocity of pure steam or steam-air mixture W, taking into account the velocities at
the inlet and outlet of the chamber (if any) [2]. W - is determined according to
formula (2.81). The coefficients of local resistances depend on the perfection of the
design of the heater units and are mostly determined by experiment. Here are the
values of local resistances that are most commonly found in surface heaters [2, 4,
13, 17, 28, 31]. Some of them have been converted for convenient use in further
calculations. The coefficients of local resistances at sharp sudden flow constrictions

and expansions, inlets and outlets are given in Table 2.11. The coefficients of local

resistances &y at flow turns in pipes are given in Tables 2.12 and 2.13.

Table 2.11 - Local resistance coefficients

Type of local resistance EM
1. Sudden narrowing
a) the determining velocity in the narrow section of 05 (1— fysk
the ultrasonic conduit f ysx ’ f
0) determining velocity in the outlet section f 05 (1 _ f\ﬂ) <L>2
f fY3K
2. Sudden expansion
a) determining velocity in the exit section f 11 (1 _ f )2
’ fLL[I/IP
0) determining velocity in the wide section WID f i1 (1 i )2 (fmnp)z
1LIKP ' fume f
3. Flow inlet to the pipe from a sufficiently large 0,5
chamber (.1 7 —=), relative to the velocity in the pipe
4. Flow outlet from the pipe into a sufficiently large
chamber (1.2 /we —=), relative to the velocity in the 11
pipe
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Table 2.11 continued

5. Flow inlet from the pipe to the distributing manifold with side
supply

1,3

6. Angular flow outlet from the collecting manifold D ko to the
pipe of smaller diameter D gy, relative to the velocity in the pipe

D
0,7 + —2

)
Dyon

7. Turn of the flow with a shock in the inlet or outlet water
chamber relative to the inlet velocity

1,5

8. Turning the flow by an angle of 180 ‘through an intermediate
water chamber relative to the velocity at the pipe outlet

2,5

9. Flow entry into the inter-pipe space from the nozzle at an
angle of 90 ° to the pipe axes relative to the velocity at the outlet
of the nozzle

1,5

10. Flow outlet from the inter-pipe space through the nozzle at
an angle of 90 ° to the pipe axes, relative to the velocity in the
nozzle

11. Turn of the flow by an angle of 180 " through the baffle in
the inter-pipe space (transition from one passage to another)
relative to the velocity in the section between the baffle and the
casing

1,5

Table 2.12 - Resistance coefficients of smooth bends with R ;&
723

The angle of rotation | 20° | 20 °+60° | 60 °+140° | 140 °+180°

180°

Em 0 0,1 0,2 0,3

0,5

where R - is the turning radius, d - is the internal diameter of the pipe

Table 2.13 - Resistance coefficients for sharp turns

The angle of rotation | 30° | 45° | 60° | 75° | 90°

025|05(08|121,75

Em

Local resistance coefficients in spiral coils:

‘E:.: = '£xx T énc—x L ‘EE}!?;

(2.132)
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where Egx - IS the resistance of the coil inlet from the distributing collector,

4 0.039)n—i+1)-805

KOJI KOJI

aBX = (0,56

+ 1,84

Enos is the resistance to flow turns in the coil turns, Snos =077 ;

Esux 1S the resistance of the coil outlet to the collecting collector,

: v
£oux = 1,1+ 0,94 (u )

EOGE

n - the number of coils from the beginning of the collector section to the

blind end or outlet pipe;

I - is the serial number of the coil along the flow in the distributing or

collecting section of the collector to the blind end or outlet pipe;
n sin - number of turns in one plane and planes of one coil, respectively;
d i D xon - internal diameters of the coil and collector, respectively.

Pressure loss from flow acceleration in non-isothermal flow [2, 30]:

2 1 1
P = o (2 - 1)
Perx Pex

, (2.133)

where pgx, psuxand pcp - are the inlet, outlet, and average flow densities

in the section.

In the flow of superheated steam in the steam cooling zone, pressure and
drag losses from the acceleration of the flow at non-isothermal flow can occur due
to a sharp change in its temperature and the drag coefficient can be determined
depending on [1]:

2 {'F-Ex - fsmc}'
273 + Lo

6}.{5 —

, (2.134)
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where t gx, t puxand t cp - are the flow temperatures at the inlet, outlet,

and average in the section, °C.

When condensate flows in the condensate coolers zone, the pressure and resistance
losses due to flow acceleration in a non-isothermal flow are very small, since the

properties of water change slightly with temperature and these losses can be ignored.

The decrease or increase in pressure due to the difference in elevation at the
beginning and end of the section when water moves in the channels (hydrostatic

head) is determined by:

‘ifjrcr = ﬂcp.‘? (hm{x - h’xx]
, (2.135)

where h gx 1 h gux - are the heights of the channel at the inlet and outlet

relative to a certain zero level;
pcp- 1S the average water flow density.

In the surface tubing low pressure regenerative feed water heaters end high-
pressure regenerative feed water heaters, constriction devices (choke washers) are
used to ensure the specified flow rates of feed water through the condensate coolers

or condensate coolers zones.

In accordance with the algorithm for selecting choke washers for a given flow

rate G 1y and pressure drop across the washer AP

d
Dm =f(x)
Bt , (2.136)
X = —Gm
DéH A/ APcyxp ’ (2_137)

3
;N2
AP = AP (1 ~ 1,03 (;” ) )

, (2.138)
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where d jyand D gy - are the smaller inner diameter of the washer and the

inner diameter of the pipeline or collector where the washer is installed;
p - density of the medium;

f ( x) - a function of the auxiliary parameter x, which is given in [2] in the

form of a graph;

APspyy - pressure drop directly on the constricting device (choke washer)
without taking into account the pressure recovery behind it. The pressure will be
restored if the washer is installed in an area greater than or equal to three internal
diameters [31].

Coefficient of local resistance of the throttle washer, taking into account the

(= 2 di ?
=yl {1‘1"’3[% ] J

As can be seen from the above dependencies, for the selection of throttle

pressure recovery.

, (2.139)

washers and verification calculations, it is necessary to have expressions for the

direct function 9w £ (x)» Which is available in graphical form [2], and the inverse
DBH

function  _ f( duy j . The interpolation of the graph by the least squares method [22,

BH

23] allows us to obtain the necessary dependencies:

dy _ £06:93147(/~0.56667)

Dy , (2.140)

where the formulas for calculating the function V are given in Table 2.14, here

U =1+0,1442695Inx,

80



Table 2.14 - Auxiliary function V

X V

10 3+2.10°3 V =0,030212 +1,92855 U -10,446853 U 2+8,617785 U 3
2.103+2.101|V=0,0795907 +0,504093 U

2-101+1 V = 4,791096-15,869364 U +18,966359 U 2-7,336897 U 3

¥ = e6,93147(U—1)’ (2.141)
where the formulas for calculating the function U are given in Table 2.15,
dy

BH

here - _ 0.56667 +0,14426951n

Table 2.15 - Auxiliary function U

d m/ Dgy |U
005 U = -0,049978 +2,429335 V -30,215311 V ?
< )
+156,442991 V 3

0,05+0,5 | U =1,98546 +0,1592098 V
U = -46,364456 +277,066081 V -545,62313
V 2+360,710032 V 3

>0,5

2.6 Design characteristics

The heat flow through pipe surfaces depends on the design parameter of the
heat transfer area. To calculate the velocities of the heat transfer fluids in the zones,
it is necessary to know the flow areas. The accuracy of this determination has a
significant impact on the accuracy of all thermal and hydraulic calculations of
heaters. When the feedwater moves in pipes, pipes and collectors, the determination
of the flow areas is straightforward. For the external movement of heating steam, the

determination of flow areas is a more difficult task, since its flow patterns are
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complex and varied. In thermal and hydraulic calculations, it is also important to

determine the equivalent diameters and other design values.

For the sake of unambiguousness of calculations, the outer surface of a
cylindrical pipe is usually taken as the heat transfer area in surface feedwater heaters

of power plants:

F = qdyee LN
, (2.142)

where d ;o5 - IS the outer diameter of the pipe;
L - length of pipes or coils in the area or zone;
N - number of pipes or coils in the area or zone;

Passage areas for the movement of feedwater in round pipes, pipes or

collectors:

, (2.143)
where d gy - is the internal diameter of one pipe, branch pipe or collector;

N oy - the number of pipes, nozzles or collectors through which the entire

studied flow of coolant flows simultaneously.

When calculating the flow areas for feedwater in the condensate coolers,
steam condensation and steam cooling zones, N oy - is equal to the total number of

pipes or spiral coils in these zones.

The equivalent thermal and hydraulic diameter d ¢ - is equal to the internal

diameter of the pipe d gy .

The passage areas for the movement of steam and condensate in the chambers
and casings of the steam cooling, steam condensation and condensate cooling of the
tubing during transverse movement in the section are equal to the minimum live

section area not occupied by pipes:

82



fr =1{a — dyeny)
, (2.144)

where d 30y -is the outer diameter of one tube in the tube bundle;
a - the width inside the casing or the equivalent width of the casing or housing;
| is the distance between the baffles;

n 1 - average number of tubes in the direction perpendicular to the direction of

steam flow (in one row);

The equivalent thermal and hydraulic diameter d g is equal to the outer

diameter of one tube d 30g.

Schemes of steam cooler shells used in domestic tubing are shown in Fig. 2.3.
The design scheme of condensate cooler shells used in domestic tubing is shown in
Fig. 2.4.
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b) Steam cooler after the remaining
flow of live water in the low pressure
regenerative feed water heaters (part of
the pipes is fixed in the casing in the
center of the heater)

a) Steam cooler at the end of the remaining
flow of live water in the low pressure
regenerative feed water heaters for the

entire tube bundle

1 — tube bundle, 2 — steam cooling casing, 3 — intermediate partition,
4 — opening for bet entry, 5 — opening for bet exit,
a — casing width (equivalent is shown with a dotted line),
| — stand between the partitions

Fig. 2.3 - Diagrams of the main structures of steam cooler shells used in tubing and

the flow of coolants in them
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nutrient water

condensate

1 — part of the tube bundle with transverse flow,

2 — part of the tube bundle with longitudinal flow,

3 — condensate cooler casing,

4 — intermediate partition,

5 — condensate inlet holes,

6 — condensate outlet holes,

7 - part of the tube bundle not enclosed in the casing,
a — casing width, ¢ — longitudinal flow width,

| — distance between partitions

Fig. 2.4 - Schematics of the main structures of condensate cooler shells used in

tubing and coolant flows in them

Flow areas for condensate movement in zones or sections of longitudinal

flow:

{ii:ux Nop
=a-c—7- —
frp = a- 4 2

where d 305 - IS the outer diameter of one tube in the tube bundle;
a - width of the casing;
C - width of the free space for longitudinal flow from the edge;
N nos - total number of longitudinal flow tubes on both edges.

The equivalent thermal and hydraulic diameter d g in this case is:

(2.145)
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T (2.146)

where IT - is the wetted perimeter, 11 = a + 2¢ + 7das - "ﬁ"_';

As a rule, such condensate coolers are designed so that . . This

= frron

minimises pressure losses due to sudden constrictions and expansions in the flow.

There is a wide variety of steam flow patterns in the control zone of a CTD.
In each case, the vapour flow pattern and chamber design is developed to minimise
the surface area required for condensation, good condensate drainage from the pipes
and strength considerations. Schemes of chamber designs and the movement of

condensing steam in them are shown in Figs. 1.7 -1.9.

The flow areas for steam or condensate in the steam cooling or condensate
cooling LDVT casings through the column of coils perpendicular to the plane of
their winding are considered as follows:

i Ao By

Jlll' - .l'rs'. - .|rx -

g

, (2.147)

where f - is the cross-sectional area of the cavity of the casing enclosing

the coil column;

f 5- is the cross-sectional area of the displacer installed in the centre of the

coils (if any);
d soBu - outer diameter of the pipe from which the spiral coil is made;
n 1 - number of planes in one coil;
L i cn - total length of the spiral coil.

Passage areas for steam or condensate when flowing in the casings of the
steam cooling or condensate cooling LDV through the bypass boxes installed to pass

from one column of coils to another:
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Jrepen =a-h- "nor, (2.148)
where a and h are the width and height of the bypass.

If the flow areas are to be calculated based on the total steam or condensate flow

rate, they must be multiplied by the number of parallel steam or condensate flows n

IoT -

The equivalent thermal and hydraulic diameter d g is equal to the outer

diameter of the coil pipe dzosmn.

Schemes of structures and flow of coolants of built-in steam and

condensate coolers of modern EFCs on the example of EFCs of turbine unit
K-500-240-2 are shown in Fig. 2.5.

The flow areas for condensation of steam moving from top to bottom in

the zone of the IBC control (see Figs. 1.10-1.12) can be estimated as follows:

2
Dyop BHZ DKOﬂgoBZ Dy duarLy cn
frern— " —nm— " Ngeon —mm— ——— - Nxon (2.149)
1

where D xop su - IS the inner diameter of the heater body;
D xon3osu - outer diameter of the collectors;
N xox - number of collectors;

D 1y rp - Outer diameter of the pipeline installed in the centre of the heater

(steam pipeline, feedwater collection and discharge pipeline);
d soBn - outer diameter of the pipe from which the spiral coil is made;
n 1 - number of planes in one coil;

L i cn - total length of the spiral coil.
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steam

Tl

condensate 8

b) condensate cooler

1 — spiral coil units, 2 — casing, 3 — bypass boxes, 4 — steam line, 5 —
condensate inlet, 6 — steam (condensate) outlet, 7 — collectors that distribute
feed water, 8 — collectors that collect feed water, 9 — intermediate feed water

collectors.

Fig. 2.5 - Design of steam and condensate coolers of modern steam turbines and

flow patterns of coolants in them

88



CHAPTER 3

EFFICIENCY OF THE SCHEMES OF MUTUAL FLOW OF HEAT
CARRIERS IN SURFACE HEAT EXCHANGERS WITH CROSS-
CURRENT

One of the steps in the design, verification or optimisation calculations of
a surface heat exchanger or its individual zone is to determine the average
temperature head. In cross-flow or mixed flow, the average temperature head (or
average temperature difference) is determined as the product of the logarithmic
mean temperature head in the counterflow by the correction factor ¥, which takes
into account the peculiarities of the mutual flow of heat transfer fluids. In essence,
the coefficient We is the efficiency of the existing current circuit relative to the ideal
one - a pure countercurrent. The form of the Wy function is usually given in the
known literature as graphs (nomograms) [2, 4, 13-20, 26, 32-35]. For computer
calculations, the use of such nomograms is very difficult. In addition, the area of
determination of dimensionless temperature parameters in these graphs often does
not cover the entire range present in the surface heat exchangers of TPP and NPP
power plants. For the cross-flow scheme of coolants, some implicit formulas in the
form of infinite series are given in the literature [18, 35] or explicit dependencies
using indices against accuracy [33]. Moreover, the implicit dependencies [18] are
different for each number of cross-flow strokes (up to 6 in total), and the indices
against accuracy for cross-flow from [33] only approximately reflect the efficiency
of the scheme. As a result, the calculation inaccuracies of the above values can reach
tens of percent. For the convenience of calculations of such heat exchangers or their
individual zones (sections of the heat exchange surface), analytical dependencies of

the correction factors to the logarithmic mean temperature pressure are given below.

For cross-current and mixed current, the correction factor to the

logarithmic mean temperature pressure is determined by formula (2.33) as follows:

_ Al

Aty (3.1)
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The correction factor is usually given in the literature in a graphical form
depending on the dimensionless temperature complexes P and R (formulas (2.115)
and (2.116).

If we represent the formulas as  Ary =(ty, — ) fi(P.R),

Atﬂ is the countercurrent, and the notations

Aty =(tys —tw)- fo(P,R), Where
correspond to Fig. 3.1, then using relation (3.1), we can obtain dependences for

different types of cross-current.

After the transformations using expressions (2.115) and (2.116) and the
excellent limits, formula (2.114) with the countercurrent through the complexes P
and R takes the form:

R-—

In 1-P

Aty =(ty, —ty)- npu R # 1

1-P
Aty =(tys — 1ty )-———— Tpu R =1
1— PR and n =ty —tyy) p p . (3.2)

Usually, two extreme states of the coolant are distinguished: mixed and
unmixed. Complete mixing implies that all the liquid (gas) in any given plane normal
to the flow direction has the same temperature, although this temperature varies in
the flow direction. An unmixed flow means that there are temperature differences in
the liquid (gas) at least in the direction of one of the normal to the flow direction,
but there is no heat flux associated with these temperature differences. It is noted
that if one or both of the heat transfer fluids are partially mixed, then the calculation
method At cp is not available. It is indicated that At cp is lower when one of the heat
transfer fluids is mixed than when both heat transfer fluids are not mixed [18]. In
many real heat exchangers, the actual flow is partially mixed. Fig. 3.1 shows all
possible cases of a single cross-current. The conclusions of the formulas are given
below for schemes where one of the heat transfer fluids is mixed (Fig. 3.1 a and b)
and which are mainly used in surface heat exchangers of power plants of TPPs and
NPPs. The scheme of Fig. 3.1, when both heat transfer fluids are not mixed, is often

found in other types of heat exchangers, and the scheme of Fig. 3.1 d, when both
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coolants are mixed, has not found much practical application [18]. However, in order
to summarise the results at the end of the section, we will give the final dependencies
for all possible cross-current schemes. In the heat exchanger schemes given in the
literature, it is assumed that the number of parallel elements (pipes or rows of pipes,

sections, spiral coils, hereinafter referred to as pipes) that cross the mixed and
unmixed coolant is infinite (or quite large).

The formulas for average temperature heads for a one-pass (single) cross-

current (see Fig. 3.1) are obtained after integrating the temperature heads along the
0 x 0y axes:

y A A tHZ y N trz
tri trx tl:z tH1 ty to
| S | 5
0 X 0 X
tHi tr1
a) the heating coolant is b) the coolant is mixed and
mixed heated
y 1 ‘ tr2 y1 tro
tm tio thi ti2
0 tri X 0 tri X
c) both coolants do not mix d) both coolants are mixed

tr1, tr2 - temperatures of the heating medium at the inlet and outlet
t w1, t m2 - temperatures of the heated coolant at the inlet and outlet

Fig. 3.1 - Diagrams of an elementary single cross-current
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Atep = - ty2 —tm

In(l_ tHZ _tHl In tFl _tHlj
tri=tr2  tr2=tw)(djagram of Fig. 3.1a),  (3.3)

Atep = - try —trp

In[l— t—tro |, _tHlj
tiz ~tm T ~tw2 ) (diagram of Fig. 3.1 6), (3.4)

t —t ty, —t
— Il r2 + H2 H1 _(trl_tHl)

In tr —t In tr —tyg

2 =t tr =t (diagram of Fig. 3.1 B), (3.5)

ottt tete o

In tFl _tHZ In tFZ _tHl

tr2=twz  tr2 —tuy (diagram of Fig. 3.1 ). (3.6)

Using relation (3.1) and formulas (3.2)-(3.6), we obtain the dependences of

the correction factors for a single cross-current with an infinite number of parallel

unmixed elements:
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y=—t !
SH{L+1IM1—PRU
R ; (diagram of Fig. 3.1 a) (3.7)
y=—1r R
8 In(L+RIn(l—P)): (diagram of Fig. 3.1 6) (3.8)

\V:_l( 1, R +1)
3{In@-P) (@A-PR) PJ: (diagram of Fig. 3.18)  (3.9)

1 R 1 1-P(R+D)
Yo5,, 1-P T T1-PR P
1-P(R+1)  1-P(R+1) ; (diagram of Fig. 3.1 1) (3.10)

where § - is a dimensionless parameter:

R-1
1-p 1-P
5=
1-PR at R # land P atR=1, (3.11)

6:

In



The results of calculations using formulas (3.7)-(3.10) are shown in Fig. 3.2
in the form of graphs similar to those given in the literature.

Some expressions for a single cross-current (transformed or implicit) are
mentioned in some literature sources [1, 18, 36].

Figs. 3.3, 3.4 show variants of the multi-pass (multiple) cross-current, where
one of the coolants is mixed. It is assumed that the flow rates and heat capacities of
the coolants, heat transfer coefficients and areas are the same for all passages and
the number of pipes is infinite (sufficiently large).

When deriving the dependencies from the example of the current circuit in
Fig. 3.3 with the sequential inclusion of the moves of the type shown in Fig. 3.1a,
we use a system consisting of the equations of heat balance and heat transfer for the
entire heat exchanger and its individual passes, the formula (3. 3) of the average

temperature head for a single cross-current in one pass:

v a)z=1n=1 w 6) z=1 n=1

1 -
0.9 1
0.8
0.7 -
0.6
0.5 1
04 -
0.3 1
0.2
0.1
T T T T 0
0 01 02 03 04 05 06 07 08 089 IP 0 01 02 03 04 05 06 07 08 09 Tp

1 -
0.9
0.8 -
0.7 4
0.6
0.5 1
04 A
03 A
0.2 A
0.1 4

0

w e) z=1 n=1 w 2)z=1n=1

1 -
09
08 -
07 A
06 -
05 -
04 -
03 4
02 +
01

0

‘ | \
S 0

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
p

Fig. 3.2 - Graphs of correction factors for a single cross-current for elementary

current circuits from Fig. 3.1
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tr2

tr1 tri tro2 tris
/—\ troz
tH21 thi1 tho2 tH12 tH23 tH13 tHo4 thiz- thez thiz
tz tH
trai tri2 v tr2s i trig ij}:e/ triz
1 course course 3 course rse z-1c Z course
a) the heating coolant is mixed
thi tH11 tH22 tH13 th2
/\ thaz
trai tri1 tr triz trzs3 triz troa triz-1troz triz
L) tr
1 ta2 th12  tH23 : th1a \tH;ze/ t1z
1 course ourse 3 course\4~een%e z-1 co Z course

b) the heated coolant is mixed

Fig. 3.3 - Diagram of multiple cross-current at countercurrent switching of strokes

tr1 trin traz tris tr2
/\ troz
th1 tho1 th12 tho2 th13 th23 tHi4 thoz- thiz thoz
tH1 ; ¢ - = th2
{21 triz tro3 i tra \'riznl/ riz
1 course course 3 course\—é’%use z-1 Course £ course
a) the heating coolant is mixed
ti thi tH22 tH13 T2
thoz
h
tri tro1 tree tro2 tris tros tris troz-1triz troz
tr1 : i . - tr2
w th12 th23 tH14 H2Z- H1Z
3 course \410/ \K/gcourse
1 course ourse (rse 51 Course

b) the heated coolant is mixed

Fig. 3.4 - Diagram of multiple cross-current with direct-flow switching of strokes
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F
Qj =cpy Gy (tsz _tHlj) = CPrGr(trlj _trzj) = KAtp, F £y = .

J/Ta ; (3.12)
0=20;

i =Gyt —ty) =cprGr(try — 1) = KAtepF (3.13)
trij Ztrzj—l’ L :tH21+1; (3.14)

tho: —tu

Atcpj __ H2j H1j

In[l—tHZj — U IntHlj — Uy )

thrj —th2j  thzj — , (3.15)

where is the number -of moves;
J - is the index of the current move;
equations are written for all current moves j .

After the transformation, the system of equations (3. 12)-(3.15) has the form:

-1
ty, —ty Z thoj =ty troj — U
Atep =— 12 1L 37l g H2] 77 T L
= trj ~traj  troj —tw (3.16)

My 7ty _TPRTR R — const
H2j+1 Tup; —lhyj CprGr (3.17)

Irij =Iraja tHlj =1

tion: —tun:  tra: —ton s
In|1—-H2l  HL T HY = const

After the transformation, the system (3. 16)-(3.18) takes a simple form:

b —
r1; —tm
— = — const

Iraj — Iy fr1j = frajm and fuij = tHZjH. (3.19)

The system of equations (3. 19) is reduced to a dimensionless form:

1-P+¢,P—¢,; PR
4 7Y _ = const
Iraj — 1t 1_P+¢jp_¢jPR . (3 20)

tF]j_tHlj _
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where ¢j, is an additional dimensionless parameter introduced equal to the
degree of heating of the heating medium heated from the first stroke of the heating

medium to the current stroke j inclusive:

Thy —

i Iy — (3 21)

The system (3. 20) is represented as a sequence:

o+ )
1-P ® T pa—R)

(PJ+P(1—R): - 1-P
PA-R) (3.22)

As can be seen from the sequence (3.22), the degree of heating in the current

stroke j depends on the two previous values. To solve this system of equations, it is
enough to know the degree of heating in the first stroke 91 (in the zero (inlet) ®o =0

, and in the last (outlet) ©z =1). Writing down the systems of equations (3. 20) for

one-, two-, and three-pass heat exchangers and using the sequences (3. 22), it is

possible to obtain the expressions P1:
- for a single pass heat exchanger:

1-P [(1-PR
= -1
i P(I—R)K 1—P) } (3.23)

- for a two-pass heat exchanger:
1
1-P |(1-PR)2
e ]
P(1-R)|\ 1-P
- for a three-pass heat exchanger:

o= P}l_ —PR) [( 11_—135) - 1}

, (3.24)

(3.25)
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It is obvious that with an arbitrary number of passes z, the final statements for

@13 using the method of mathematical induction will be:
1
_1-P (I—PR)z_l
"= pa—p)|licp

Similarly, using the sequence (3.22), the values of o= 01 @1, we obtain the

(3.26)

values of the current degree of heating of the coolant heated by ¢; from stroke 1 to

stroke j inclusive:

®i= Pil_ —I;) {( 11_—135)2 - 1}

After substituting the values of ¢; y into equation (3. 20) and then their

(3.27)

dependence on At ¢p (3. 16), using the relations (3. 1) - (3. 2) and excellent limits,
we obtain the formulas of correction factors for the multiple cross-current of the
circuit of Fig. 3.3. a, where the moves (elements) from Fig. 3.1 a are connected in
series [37]:

1 . 1-PR
1 R—llnl—P
\|/=; O
ln[llln[ ! [R(I_PR) Zlm
R | R-1 1-P
at R#1. (3.28)
P
1 1-P
\]U:_i
z 1n(1 - ln(l + IPD
z1=P/J atR=1. (3.29)

Fig. 3.5 shows the graphs of correction factors for the multiple cross-current
circuits of the corresponding Figs. 3.3. a, where the moves (elements) from Fig. 3.1
a are included in series, constructed according to formulas (3.28) and (3.29). For
comparison, the results of calculations for the same current circuit according to
complex implicit dependencies of the form (P=f(P,R, v) ) from [18] are
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superimposed by thin lines. These dependencies are different for each number of
moves z (up to 6 in total). The solutions to these equations were obtained by the

chord method [22 , 23]. The figure shows a good agreement of the results.

Fig. 3.6 shows a diagram of a one-stroke (one-time) cross-current, similar to
Figs. 3.1 a and 3.1 b, provided that one of the coolants moves in a cross-current
pattern, and the other in pipes or rows (sections) of pipes, spiral coils (hereinafter

referred to as pipes). The number of pipes n is finite.

It is assumed here that the coolant moving in a cross-flow pattern between
the pipes is completely mixed (see Fig. 3.6), and that its jets are not mixed when the
pipes themselves are washed (which is practically true, especially for spiral coils).
The heat transfer fluid flowing inside will be mixed for each individual pipe, and not

mixed for the heat exchanger as a whole.

For the heat exchanger as a whole, Fig. 3.6, a corresponds to Fig. 3.1 a, and
Fig. 3.6 b corresponds to Fig. 3.1 b for a single cross-current and an infinite
(sufficiently large) number of pipes where one of the heat transfer fluids is mixed.
For a single pipe, Fig. 3.6, a corresponds to Fig. 3.1 b, and Fig. 3.6 b corresponds to
Fig. 3.1 aatasingle cross-current and an infinite (sufficiently large) number of pipes
where one of the heat carriers is mixed between them. This scheme is similar to the

parallel connection of passages.
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collector who - collector who .
distributes l th2  distributes ltrz

N N

ti T tube o coIIe;:\YorWho tnT tube | tu> collector who

collects collects
trii thri
tH I: ,:I tm2i  tn I: :] tr2i
trai th2i
a) the heating coolant is mixed b) the heated coolant is mixed

Fig. 3.6 - Diagrams of a single cross-current at a finite number of pipes

When deriving the dependencies for this type of cross-current, a system of
heat balance and heat transfer equations for the entire heat exchanger and its
individual passages is used, similar to the previously given (3.12)-(3.15). Here, we
consider a scheme where the heating medium is mixed between the pipes (passages)
(see Fig. 3.6 a). However, the parallel elements (pipes, passages) will be the elements
from Fig. 3.1 6:

O = CPHGHi(tHZi —ty) = cprGr (trli - tr2i) = KAtep, F- (3.30)
0= Z‘Qi =Cpy Gyt — 1) = cpr Gr(try —11y) = KAtepF (3.31)
H
= F=— =
G =— T e Iy trzi—l; (3.32)
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Atep; = — tryi —Troi
| tri —troi (o oo —tm
In|1- In

thzi =t trai —tuai ) (3.33)
where n - is the number of passages (pipes);
I -is the index of the current stroke (pipe);
equations are written for all current moves (pipes) i .
After the transformations, this system of equations is given in the form:
-1
Atep _ tm—te %{In(l— trii = trai | trai —ten H
n iz Uhoi =t tro — o (3.34)
1n
.= . tHZ = 7th2'
Ity tFZz—lTa nig < : (3.35)
e 1
Irii — o _ n _ E: const
Thoi — CpFGF n : (3.36)
|n(1_t1"1i ~troi o i~ j:_ KF  _ const
Ua2i = Urai — o NCp, Gy _ (3.37)
System (3.34)-(3.37) are reduced to the dimensionless form:
try; —t _ PR— (¢, — @,
ri “tai _ 1=PR+@,PR— (@, =@, | )nP _ const
Irii ~ Tuo 1-PR+¢; PR : (3.38)

where o, - is the degree of cooling of the mixed (heating) coolant from 1 to

n stroke (counting from its outlet):

_ tl"li —Ir

Loty (3.39)

The systems (3.38), (3.39) are presented in the form of a sequence:
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( +1—PRJ2
J-pr T g
P PR 0 1- PR
7”7 PR (3.40)

The values of ¢@o = 0, ¢n = 1, and @1 can be obtained similarly to the

conclusions for the multi-pass circuit given above:

1
o= PR{@ PR) " -1 ]

PR
(3.41)
Using the sequences (3.42) and oo, ¢1, we find @1 :
1-PR -
®i = —5g [(1 PR) —}
(3.42)

After substituting the values of ¢, in equation (3.38) and then - their dependence for
At cp (3.34), using relations (3.1)-(3.2), we obtain the formulas of correction factors

for a single cross-current with the number of pipes n (Fig. 3.6 a, parallel elements
from Fig. 3.1 b) [37]:

R _1-PR
1 R—lml—P
Y= " R |
ln(1+-ln(L—’l(l—(l—aPR)njjj
L R at R#1, (3.43)
P
1 —pr
y=_1 1-P
n 1 1
ln(l + ln(l — n(l -(1- P)njj]
" at R=1. (3.44)

If, depending on (3.43), the number of pipes n is set to infinity, it is easy to

obtain (due to the cumbersome nature of the derivation, it is not shown) that formula
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(3.43) turns into (3.7). If we set the number of pipes n = 1, then formula (3.43)

becomes (3.8).

For multiple cross-current with a finite number of pipes n and the number
of passes z, a system similar to (3.12)-(3.15) is developed. However, here, equation
(3.15) for the average temperature head in one pass is replaced by an equation that
takes into account the finite number of parallel elements (transformed to the
dimensional form of formula (3.43), taking into account (2.115), (2.116) and (3.1):

—rl](trlj ‘trzj')

AtCPj =

In[ 1+ 1-n

1
Eiru"Héjln t2j — g, 1__1__H1j—tr2j n
Ntyoj _tHlj trj —tro;

tr1j —tuj
. (3.45)
Thus, in the case of a general countercurrent (see Fig. 3.3 a) with the
sequential inclusion of the moves from Fig. 3.6 a and parallel inclusion of elements
(pipes) from Fig. 3.1 b, the system will consist of equations (3.12)-(3.14) and (3.45).
As a result, the generalised dependencies for single and multiple cross-current with

the number of passes z and parallel pipes (rows of pipes, coils) n in one pass in this

case will be;
1 R 1-FR
mMR-1 1-P
\V:
1
1 n
T AT LY N R(l_PR) Z_1
n R R-1| (1-P
at R#1; (3.46)
1 P
znl1-P
y=-

1
In 1+1|n{1n[1(1+lpj ”D
n z1-P
at R=1, (3.47)

From the summarizing dependence (3.46) we can obtain:

a) for a single cross-current, where z=1:
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- for an infinite number of pipes (i.e. n — ooy —formula (3.7);

- for a finite number of pipes n (see the diagram in Fig. 3.6 a) —
dependence (3.43);

b) for a multiple cross-current with the number of strokes z for an infinite

number of pipes (i.e. n — oo) — equation (3.28).

It should be noted that if in formula (3. 7), formally swap the heating and
cooling fluids, which is equivalent to replacing the parameters P with PR and R with
1/R , we obtain dependence (3.8). Similarly, this is true for dependencies (3.28),
(3.43) and (3.46), from which formulas for the cross-current can be obtained in the
same way, where the flow of the heating medium rather than the heating fluid is

assumed in the unmixed elements (i.e. pipes).

In the above calculations, we consider schemes where elements are
involved as parallel (i.e., unmixed), with only one of the heat transfer fluids being
mixed, and which are shown in Figs. 3.1 a and b. However, similar conclusions can
be drawn initially for other schemes with the main elements shown in Figs. 3.1 and
d (i.e. where both heat transfer fluids are mixed or not mixed). As a result, after
summarizing all the calculations, the universal dependences on the parameters P, R
, Z and n for different types of single- and multi-pass cross-current (see the diagram
in Fig. 3.7), where the parallel elements can be any of those shown in Fig. 3.1, will

be as follows:

b) the main element — a scheme where only the heated coolant is mixed (pipe, a

series of pipes, a spiral coil) (see Fig. 3.1 a):

R 1

~znd In(L+RIn(1-P,)). (3.48)

\I]:

b) the main element — a scheme where only the heating medium is mixed (pipe, row

of pipes, spiral coil) (see Fig. 3.1 b):
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Y ==
znod 1
In(1+ ~In(l- PSR)j
R : (3.49)
Y : .
course 1 Exit course 2 : I course z
stralignr:'étflow Element 1 Element1 [\ 7777 Element 1 straight flow
> ! , , gutlet
Element 2 Element2 [\| 7 Element 2 counter-
<« ! I'. unmixed coolant ! g-Lcurrent input
counter-curtent i g (parallel division) i !
outlet ) Y/ . \
Element n Element n Element n
~.
i , Mixed coolant i Entrance

Fig. 3.7 - Generalised diagram of a multi-pass cross-current circuit with parallel

element separation:

c¢) the main element is a circuit (section) where both coolants are not mixed
(see Fig. 3.1 ¢):

p= —— (=t L+, (3.50)

zné \In(1-P;) In(1—PgR) Pg

d) main element - a circuit (section) where both coolants are completely mixed
(see Fig. 3.1 d):

1 R 1 1-Prp(R+1
Y= (l S+ —r — )>, (3.51)

z né P
nl—PE(R+1) nl—PE(R+1) £

where § - is a dimensionless parameter calculated according to Eq. (3.11);

Pe. is a dimensionless temperature complex P of a separate heat exchanger

element:

a) multiple of n parallel separation of the elements by the heated coolant:

Sr

Pp=1- (1 ~2(1-a-BR) %)> , (3.52)
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b) multiple n parallel separation of elements by the heating medium:
Py =1 1—(1—nR(1—(1—g)E)> | (3.53)

where Px is the dimensionless temperature complex P of a separate heat

exchanger stroke:
a) multiple of z sequential multi-pass cross-flow of the heating or cooling
medium in the common countercurrent:
1

1_(11—PPR)Z
b _ —

X 1

L [1—sz p_. P
1-PR) gt R#1lgnd ~ 2-P)+P npu R=1; (3.54)

¢) multiple z sequential multi-pass cross-flow of the heating or heating

medium in the common upstream:

1
5 _1-(-PR +1))?
* R+1 , (3.55)

In the limiting case, where the number of elements in the course tends to
infinity (n —»), the following transformations were obtained using the excellent

limits:

- formulas (3.50) and (3.51) with parallel distribution of elements in the
procession along the heated coolant, as well as formula (3.48), turn into formula
(3.49) when n = 1:

1 1
V==_c

20 In(1+1ln(1— PXR))
R : (3.56)
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- formulas (3.50) and (3.51) with parallel distribution of elements in the
course along the heating medium, as well as formula (3.49), turn into formula (3.48)

whenn =1:

R 1
z8 In(L+RIn(L—P,))

\V =
, (3.57)

where Px is calculated according to dependencies (3.54) or (3.55).

From the comparative graphs of single current presented in Fig. 3.8 of the
comparative graphs of the single current (z = 1), it is clear that already at the number
of parallel elements n = 10, the differences between the main elements of the heat
exchanger completely disappear. But with the number of elements n = 4, the

differences, as can be seen from Fig. 3.8 (a, b), are very significant.

In the limit of the multiple scheme, where the number of strokes tends to infinity
(z—w), all the formulas for correction factors for countercurrent inclusion of strokes

tend to unity (i.e.).
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Fig. 3.8 - Graphs of correction factors for a single cross-current consisting of 4 (a,
b) and 10 (c, d) parallel main cells. Lines: - element with two unmixed coolants; -
element with two mixed coolants; - element with mixing of only the heating coolant
(for aand c) and only the heated coolant (for b and d). The solid line shows the limits

at n —oo..

In Fig. 3.9 shows comparative graphs of four times the current (z = 4). It
can be seen from the graphs that at this number of moves there is practically no
difference between the results with the number of parallel elements n = 10 and .
Thus, for current multiples greater than four, simpler dependencies (3.56) and (3.57)
can be used. Otherwise, in order to prevent a decrease in the accuracy of calculations,
it is recommended to use the generalised dependencies (3.48)-(3.51), since in the
range of parameters P and R close to asymptotic, the difference in results can be very
significant.
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Fig. 3.9 - Graphs of correction factors for a fourfold cross-current (z = 4),

consisting of n = 10 and n—»oo parallel main elements.

a) - countercurrent division of the heated coolant;
b) - direct flow division of the heated coolant;

¢) - countercurrent heating coolant division;

d) - direct flow heating coolant division.

According to the proposed universal analytical dependencies, it is possible
to calculate the average temperature head at arbitrary cross-current multiplicity and
the number of parallel cross-wash main elements (pipes, rows of pipes, sections,
coils), as well as correctly set temperatures of the apparatus coolants, known from
the heat exchanger design. Thus, the analytical dependencies of the correction
factors presented in this book take into account both the number of cross-current
passes and the number and type of parallel main elements in one pass. These
dependencies can be used in design, verification, optimisation and other calculations
of any similar cross-flow recuperative heat exchangers.
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CHAPTER 4

THERMAL AND HYDRAULIC CALCULATIONS FOR HIGH AND LOW
PRESSURE SURFACE HEATERS AND THEIR GROUP

4.1 Design thermal and hydraulic calculation

The structural thermal-hydraulic calculation of a heat exchanger is to
determine the heat transfer surfaces of the apparatus required to transfer a given
amount of heat. This calculation assumes predefined flow rates, temperatures
(enthalpies) and pressures of the heat transfer fluids both at the inlet and outlet of
the apparatus or its characteristic zones (i.e., the steam cooling, steam condensation
and condensate coolers). The methodology for this calculation, unlike the
verification calculation, is quite simple, since the required parameters are
determined immediately without the use of iterative methods. Structural thermal-
hydraulic calculation is usually carried out at the design stage of a heat exchanger or

to select it from a standard range [3] (homenclature).

Structural thermal and hydraulic calculation of heaters is preceded by a
preliminary design study. This takes into account the design features depending on
the location of the devices in the thermal scheme of the power plant (high or low
pressure heater (determined by the pressure of feed water or main condensate),
vacuum or high pressure (determined by the pressure of the heating steam from the
turbine exhaust). The preliminary design includes: selection of the layout of the
apparatus (i.e., the location of zones), determination of the mutual direction of flow,
and the scheme of washing of pipe bundles or blocks of spiral elements.Both the
design and subsequent thermal and hydraulic calculations involve the
Implementation of restrictions on the coolant velocity to prevent vibrations and

corrosion wear of the heating surfaces.

It is recommended to take the steam velocity when flowing around pipe

bundles no more than, m/s:
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Wi =80 4] 10 Wn =120 [1] _ Jongitudinally, (4.2)
where v 11 - is the specific volume of steam at the inlet to the section, m3/kg.

The velocity of the vapour-air mixture in the suction pipelines is
recommended to be within 10-30 m/s. The cross-section of the air suction devices is
determined from the conditions that the amount of the mixture to be sucked out is
0.25 % of the heating steam flow rate. In air suction devices as a perforated pipe, the
holes are made with a diameter of 5-8 mm. To ensure uniform suction of the steam-
air mixture, it is necessary that the resistance of the pipe is low compared to the
resistance of the holes. This is achieved if the total cross-section of the holes is 23

times smaller than the pipe cross-section [2, 4].

The velocity of saturated steam in the nozzles of devices with a pressure
above atmospheric pressure is recommended to be 30-50 m/s, with a pressure below
atmospheric pressure — 80-100 m/s, superheated steam — 50-60 m/s [4]. To ensure
uniform distribution of steam along the tube bundle and to prevent steam flow

impacts, steam baffles are installed at the inlet of the tube bundle.

The condensate (drainage) velocity in the drain pipes is assumed to be 1.0-
1.5 m/s (depending on the location of the steam trap and local resistance). The
condensate velocity in the inter-pipe space of the condensate coolers (drainage) is

recommended to be 0.515 m/s to prevent its boiling [1, 2, 4].

The diameters of the feedwater supply and drainage pipes should be
calculated at a speed of 2-3 m/s in accordance with the diameters of the supply and

drainage pipelines [2, 4].

In order to reduce the uneven distribution of water through the tubes in
the chamber heaters and prevent impact erosion, it is recommended to install a
removable grid (perforated sheet) 45 mm thick with 10 mm diameter holes in the

water chambers at a distance of 100-150 mm from the tube board. On the other side
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of the pipe board, a protective partition is installed at a distance of 30 mm from the

pipe board to protect against the effects of superheated steam in the inlet area [2, 4].

The distance between the condensate drainage baffles in the chamber
apparatus is determined taking into account the prevention of pipe vibrations, their
abrasion against each other or the baffle, and ensuring the rigidity of the pipe system.
In spiral-snake high pressure regenerative feed water heater, 1-10 spiral elements are

usually placed between the condensate drainage baffles [1, 2, 4].

The velocity of water flows in the tubes W is determined from the
conditions of ensuring the greatest heat transfer with restrictions on erosion and
corrosion wear of their inlet sections. For the ratio of velocities W xon/ W (<2 in
steel carbon coils and tubes with a diameter of d = 22-24 mm, d =22 -24 mm W ¢ <1,7
m/c, at d =12 -16 mm W <2 wm/c; in brass and copper-nickel tubes, W ¢ <2 m/c, in

stainless steel tubes, W ¢ <3 -4 m/c [2].

Here, W xonta W ¢ - are the average velocities in the inlet cross-sections
of the collector and outlet pipes of the heat exchange surfaces. The permissible
velocity calculated from the nominal cross-section of the pipes should be 10% lower
than the calculated W ¢, i.e. W ~0,9 W ([2].

If it is structurally necessary to have a velocity ratio W oy / Wo <2 -5, in

the apparatus, then W ( <1,6 -1 m/c [2].

The average water velocity in the collectors of spiral-coil high pressure
regenerative feed water heater is taken in the range of 23 m/s, while the maximum

velocity in carbon steel pipes should not exceed 5 m/s [2, 4].

The diameter of the tubes is selected from the range of thin-walled tubes,
as well as taking into account the experience of designing heaters. For high-pressure
regenerative feed water heaters heating surface pipes, it is usually 16 x 1 or 16 x 1.2
mm; for high-pressure regenerative feed water heaters spiral coils, it is 32 x 4, 32 x
50r 32 x 6 mm [1-4].
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It is recommended to design the built-in condensate cooler in high-
pressure regenerative feed water heaters (condensate coolers) to pass the entire
feedwater flow. This allows to increase the temperature head in the zone and reduce
the required heat transfer surface. Such a design of the condensate cooler zone can
be used for horizontal and vertical heaters with a lower water chamber [2]. In vertical
heaters with U- or P- shaped tubes with an upper location of the water chamber, such
a scheme of the condensate cooler zone is structurally difficult to implement due to
the complexity of sealing the lower intermediate partition separating the control zone
from the condensate cooler zone and the possible boiling of condensate as it rises.
In such heaters, the coolant zone is usually made to the full height of the tube bundle
by laying the required part of the feedwater tubes of the first pass into the casing [2].
In this case, the coolant is fed by condensate from the lower cavity of the heater and
then, moving upwards, gives off heat to the feedwater. In this zone, as a rule, there
Is a transverse-longitudinal flow of condensate through the tube bundle. This flow
is due to the fact that part of the pipe bundle is enclosed in a casing that forms the
cooler, and there is no way to organise empty spaces for condensate to pass from
one passage to another. Therefore, longitudinal washing of the outermost pipes of

the bundle occurs, through which condensate passes from one run to another.

In chamber high-pressure regenerative feed water heaters, at a given water
velocity W 5 and a selected dimension d, the number of U- or P- shaped pipes
installed in the heater tube board is given by [2, 4]:

N = ZVHB Grﬂ_),
2
L8md "W s (4.3)

where z - is the number of water passes in the heater (usually 4);
Vv s - IS the specific volume of water, m3 / kg;

G s - feed water (main condensate) flow rate of the heater, t/h.

The number of holes in the tube board N 5 will be twice the number of U-

or P-shaped tubes N. It is recommended to place the tubes in the tube board on the
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sides of an equilateral triangle (triangular layout). This results in an equipartite
staggered hexagonal layout with the cavities between the body and the hexagon
filled (see Figures 1.7-1.9). The spacing S tp is determined by the condition of
maximum heat transfer from the outside of the tube bundle, the strength of the tube
board and the fixing of the tubes in it, and is taken to be (1.35 -1.5) .d. Taking into
account the experience of designing chamber high-pressure regenerative feed water

heaters with a tube diameter of 16 mm, the spacing is usually 22 mm [2, 4].

The diameter of the entire tube board, and thus the internal diameter of the

heater body, is initially assumed to be as follows [2, 4]:

Ny
am (4.4)

where a and m - are the coefficients that take into account the tubes located
in the segments between the circumference of the tube board and the sides of the
hexagon inscribed in it, as well as the number of tubes excluded when installing

anchorages and inter-passage partitions in the water chamber (see Figs. 1.7 1.9).

The found internal diameter of the heater casing, taking into account the gap
between the casing and the pipe system (necessary for removing the pipe system
from it) and the casing wall thickness (determined by calculations of the strength of
pressure vessels), is compared with the diameters of similar heaters from the
nomenclature range [3, 4]. If it turns out that this diameter is significantly larger than
the diameters of similar devices or transport dimensions, the length of the pipe
system can be increased. However, the length of the pipe system, and therefore the
height of the vertical heaters, is limited by the height of the machine room. If all
these parameters do not fit the designed apparatus, it is necessary to switch either to
a two-stream (two-strand) scheme or to make adjustments to the thermal scheme of
the turbine unit [4].

After adjusting the diameter of the tube board D 1p, the number of holes in it

(which must be even) is calculated again:
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2
Ny =0.75(ny” ~1)+1 (4.5)

where ny - is the number of holes along the main diagonal of the hexagon,

_Dw

Stp

ny +1

Next, the number of holes is adjusted due to the final bending radii of the

pipes, filling of segments, installation of dividing walls and anchorages [2, 4].

If, after adjusting the number of holes on the pipe board, the water velocity
in the pipes is within the specified permissible interval, the structural thermal
calculation can be performed. At the same time, the design study of the pipe system
shells, the steam cooling and condensate coolers zones, the steam supply casing and

the frame structure of the pipe system is carried out [2, 4].

In spiral-collector high pressure regenerative feed water heater (see Figs.
1.10, 1.12), during the preliminary design study, the number of turns in the spiral is
initially set, which is determined by the diameter of the pipes. The experience of
designing high-pressure regenerative feed water heaters shows that the acceptable
number of turns n in two-plane pipes ranges from 6 to 10. The smaller number of
turns is usually in the steam cooler zone, and the larger number in the condensate
coolers zone. The internal (minimum) diameter of a two-plane coil D gy - is taken
to be 0.19-0.2 m, and that of a single-plane coil - 0.15 m [1, 2, 4].

The winding pitch of spiral coils is usually taken to be S =d 1 +0,004 m[1, 2,
4].

The outer (maximum) diameter of the coil is considered as follows [1, 2, 4]:
- for a single-plane spiral (Fig. 1.11 b):

Du=2Dgu+2(Nng-1)Ss (4.6)
- for a two-plane helix (Fig. 1.11 a):

Du=Dsgu+(2ng-1)Ss, 4.7
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Next, the working length of the spiral coils is considered, which includes the

part of the coil that is directly involved in the heat transfer process [1, 2, 4]:
- for a single-plane coil (Fig. 1.11 b):

TE(DH +2Dpy —dy —Sp Dy —2Dgy —dy +25g) —nzDBH -38g
4Sp 4 , (4.8)

lP=

- for a two-plane helix (Fig. 1.11 a):

n(DH + Dgy )(DH —Dgy +SB)
25 . (4.9)

ZP=

The blocks of spiral coils of one stroke of a pair of zones of the heating
medium and the cooling medium, for organising its flow, are enclosed in a casing,

the inner diameter of which will be [1, 2, 4]:
D= DH+dH+6, (410)
where 6- is the gap, 6 = 10-15 mm.

The internal diameter of the collectors is calculated based on the

restrictions on the velocity of the feedwater in them W ko :

VisGr
110,451ty 0 Wion ’ (4.11)

DKOJ]

where n ko - is the number of collectors in the heater (usually 4 or 6).

The outer diameter of the collectors D xonu is selected from the range of

products with observance of the collector strength.

The diameter of the casing of the device body is determined depending on

the layout. For a six-collector scheme [1, 4]:
Dxop=3Dpy+ 2(81'4‘82), (412)
DKOPZZ(DH+283)+3DKOHH+261 (413)

where § - is the gap between the collectors and the housing, 1 >20 mwm;
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81 - the gap between the coils and the housing, 81 ~80 mw;
d2 - gap between the coils, d246 >MM -;
d3 Is the gap between the coil and the collector, 3= 15 -40 mm.

Of the two calculated values of the internal diameters of the casing, the

larger one is accepted.

Taking into account the restrictions on the water velocity in the coils, the

required number of coils in the zones is considered to be [1, 2, 4]:

viB 30mB 3
N3 -

- 2
097d3 Wi 5 (4.14)

where ‘3> denotes the zones of steam cooling, steam condensation or

condensate coolers;
G s 3 - feed water consumption in the heater zones, t/h.

The installation pitch on the collectors S ko , is usually taken for two-

plane spirals - 75 -80 mm, single-plane ~38 mm [1, 3].

The working height of the collector in the zones is considered as follows:

Hyons = (’1]\]32 _IJ(SKOH + SIFEP J
KOJT ™ (4_15)

where z - is the number of strokes in the zone;

dnep and n 1p - are the thickness of the partitions (if any) and the number

of pipes between them.

The height of the pipe system is determined by the sum of the working
heights of the collectors, as well as additional lengths required for the installation of
bypass pipelines, casings, bypass boxes in the shells of the steam cooling and

condensate coolers, the height of the upper and lower parts required for the pipelines
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for distributing and removing water from the collectors, the height of the steam

distribution collector 4].

After the preliminary determination of the geometric dimensions, it is
necessary to work out the flow pattern of water and heating steam (condensate) in
the heater [1-4].

The following values are usually known for the entire designed apparatus
(low-pressure regenerative live water preheater, high pressure regenerative feed

water heater or steam cooler) from the thermal diagram of the turbine plant

- feedwater (main condensate) and heating steam (condensate) inlet and

outlet pressures;

- flow rate Gy, enthalpy of feed water (main condensate) at the inlet and

outlet and iy and iy,

- is the flow rate G;; and enthalpy i;; of the heating steam at the inlet;

- flow rate Gy and enthalpy iy of additional condensate from the cascade

drain from the heater with higher steam pressure in the shell;

- flow rate Gz and enthalpy igof additional steam from the steam-air
mixture (SAM), which is introduced from the heater with a higher steam pressure in

the vessel;

- the enthalpy iz 0f condensate (drainage) at the outlet, which flow Ggis

determined from the material balance:

- saturation temperature t s at the steam pressure in the chamber of the
control zone (for high-pressure regenerative feed water heaters or low pressure
regenerative feed water heaters), thermophysical properties of water and water
vapour at the saturation line [16, 17, 20, 21, 27, 38, 39] (formulas (2.25)-(2.36);
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- flow areas for the movement of coolants (their definition is described in

paragraph 2.6).

The structural thermal calculation of the heater begins with the

condensate coolers (if it is available in the apparatus).
For this zone of the heat exchanger, the following must be known:
- the inlet and outlet pressures of the heat transfer media;

- the enthalpy i, and temperature tr of the condensate at the

inlet. In this type of calculation, they are usually assumed to be equal to the
condensate parameters i'and ts of the saturation line (for high-pressure regenerative

feed water heaters or low pressure regenerative feed water heaters);

- The flow rate Gy and enthalpy ok of feed water (main condensate) at
the inlet to the SC, which corresponds to the value at the inlet to the heater i;; , and
the temperature ty . = ty, is calculated using (2.37) or tables of thermal

properties of water [21, 27, 38, 39];

- The enthalpy of condensate (drainage) at the outlet of the SC i, = ik
The temperature ¢, = tg corresponding to this and the pressure is calculated
using (2.37) or tables of thermophysical properties of water [21, 27, 38, 39]. This

temperature is usually above ¢ 6 -10 °C .

From the heat balance equation, the heat flux to be transferred in the zone,

Q ok:
Ook =Gy (iﬂox _iFZOK ); (4.17)

From the heat balance equation, the enthalpy of the feed water at the outlet of

the condensate cooling is calculated:

"Haox = ok

CHox - (4.18)
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According to the value of enthalpy iy,  and pressure according to (2.37) or tables

of thermophysical properties of water [21, 27, 38, 39], we determine ty,  ;

Using formula (2.113), the average temperature pressure in the condensate

cooling Atcp,is calculated;

Using dependencies (2.106) - (2.112), the average temperatures of the heat

carriers and pipe walls are calculated;
From the continuity equation (2.118), the coolant velocities are determined;
Criterion heat transfer coefficients are calculated (described in Section 2.3);

In accordance with dependence (2.54), the heat transfer coefficient in the

condensate cooling Kqysection is determined;
The required heat transfer area in the condensate cooling is considered:

Ook

Fo, = =<O0K
oK KOK 'AtCPOK ) (419)

This is usually the end of the design thermal calculation of the condensate
cooler (condensate cooling or drainage cooler). The calculation of the condensing
zone of the high-pressure regenerative feed water heaters or low pressure
regenerative feed water heaters is then carried out. For the heat exchanger's steam

condensation zone, the following are known:
- the inlet and outlet pressures of the heat transfer fluids;

- the enthalpy i, = iy of the heating steam at the inlet (if there is no
steam cooler, i.e., the low pressure regenerative feed water heaters in the apparatus).
The temperature ¢ . = ¢t; is calculated from the enthalpy and pressure

dependence (2.47) or tables of thermal properties of superheated water steam [21,
27, 38, 39];

- the temperature of the heating steam at the inlet ¢ ., which is usually

taken above the saturation temperature ts to avoid droplet erosion of the pipe exterior
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due to partial condensation of steam in the low pressure regenerative feed water
heaters zone (if there is an low pressure regenerative feed water heaters). The

enthalpy of superheated steam i .~ corresponding to itand pressure is determined

by the dependence (2.47) or tables of thermal properties [21, 27, 38, 39];

-enthalpy i, = i and temperature of condensate at the outlet trye =

- enthalpy iy, . and temperature t; . of feed water (main condensate) at
the inlet to the SC (steam condensation ). When connecting the cooler in parallel, or
if there is no cooler in the apparatus, the enthalpy and temperature are equal to the
values at the inlet to the heater iy, and t,;, , and in the case of a pre-enabled cooler,
the enthalpy is calculated by formula (2.17), and the temperature - by (2.37) or tables
of thermophysical properties of water [21, 27, 38, 39];

- is the approximate value of the heat transfer area in the zone, since it
depends on the determination of the heat transfer coefficient during steam

condensation.

From the heat balance equation, the heat flux to be transferred in the zone is

calculated, Q ki :
Oxn =Onir,, +Gxkixk +COmsims —Okir,yg, - (4.20)

From the heat balance equation, the enthalpy of the feed water at the outlet of

the boiler is calculated:

., O

Cu (4.21)

Mon = MHixn

According to the enthalpy iy, . and pressure values in accordance with
(2.37) or tables of thermophysical properties of water [21, 27, 38, 39], we determine
ti,, - Hereitisnecessary tocheck thatthe condition ty, < tgismetand the

underheating of feed water (main condensate) at the outlet of the boiler to the
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saturation temperature does not exceed 1-3 °C. Otherwise, it is necessary to revise

the set parameters and repeat the calculation again;

In accordance with (2.113), the average temperature head in the control unit

is calculated Atcp,, However, here, the saturation temperature of the heating steam

t s should be substituted as the input and output temperatures of the heating medium,;

Using dependencies (2.106)-(2.112), the average temperatures of the heat

carriers and pipe walls are calculated;
The heat carrier velocities are calculated from the continuity equation (2.118);
Criterion heat transfer coefficients are determined (described in Section 2.3);

In accordance with dependence (2.54), the heat transfer coefficient in the

control unit is Kypcalculated;

The required heat transfer area in the control unit is calculated:

Kyn - Atcpyq (4.22)

The resulting area value is compared with the specified or previous value. If
the discrepancy is greater than the permissible value, the zone calculation must be

repeated.

At the final stage of the design thermal calculation, the steam cooler in the
high pressure regenerative feed water heater and the low-pressure regenerative live
water preheater (if any) is considered. For the heat exchanger header zone, the

following are known:
- inlet and outlet pressures of the heat transfer fluids;

-enthalpy i, = iy of the inlet heating steam. The temperature ¢, =
tr,, 1S calculated from the enthalpy and pressure dependence (2.47) or tables of

thermal properties of superheated water vapour [21, 27, 38, 39];
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- enthalpy i, = and temperature tr, = tr,, Of the heating

Lrixn

steam at the outlet;

- Feed water flow rateGy, , enthalpy iy, = ig,, and temperature

tioy = thy Of feed water (main condensate) at the inlet.

From the heat balance equation, the heat flux to be transferred in the zone is

calculated, Q on:
QOH = GH (irlon - iFZOH )’ (423)

From the heat balance equation, the enthalpy of the feed water (main

condensate) at the outlet of the steam cooler (OII) is calculated:

Myon = Hion

Cton - (4.24)

According to the values of enthalpy iz, . and pressure according to (2.37)
or tables of thermophysical properties of water [21, 27, 38, 39], we calculate

tHzon 1

According to formula (2.20), the enthalpy of feed water i, at the outlet of
the heater after conditional or actual mixing with the flow from the DHU is
considered according to the equation of the heat balance of mixing. Based on its
value and pressure, depending on (2.37) or tables of thermophysical properties of
water [21, 27, 38, 39], the temperature t i1, is calculated;

According to (2.113), the average temperature pressure in the steam

cooling(OI) is calculated Atcpy;

Using dependencies (2.106)-(2.112), the average temperatures of heat carriers

and pipe walls are determined,;
From the continuity equation (2.118), the coolant velocities are calculated,;

Criterion heat transfer coefficients are calculated (described in Section 2.3);
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In accordance with dependence (2.54), the heat transfer coefficient in the heat

transfer device is determined Kq;
The required heat transfer area in the steam cooler is calculated:

QOH

F.. o—__=om
M Kon Aepon (4.25)

The next design study of the low pressure regenerative feed water heaters or

steam cooler is to adjust the pipe bundles based on the calculated areas:
The average working length of the U- or P- shaped tubes is calculated:

F
Pomedy N (4.26)

where F - is the total calculated heat transfer area of the entire apparatus;
(the sum of all calculated areas F ok, F xni F o) multiplied by a safety factor

(usually taken in practice from 1.1 to 1.6) [2, 40];
The full length of the U- or P- shaped pipes is considered:
Iy =2(h+nppp Orpp )+lp’ (4_27)

where h - is the thickness of the pipe board (determined in the strength

calculation);
n nep and Srep are the number and thickness of partitions.

After that, the water chamber and the frame of the pipe system are worked
out in detail [2, 4].

In spiral-collector heat exchangers, the number of pipes required to provide
the heat transfer surface required by the thermal calculation of the heat transfer
surfaces is adjusted:

F3
TE'dH3 l

3, (4.26)

N3:
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where ‘3” denotes the zones of the steam cooling, steam condensation or

condensate coolers;

where F 3 - is the calculated heat transfer area of the entire apparatus of the
steam cooling, steam condensation or condensate coolers zone multiplied by a safety

factor (usually taken in practice from 1.1 to 1.6) [2, 40].

Since the surface of a single pipe is known after determining the length of
the coil, the calculated value of the number of coils in the zones, selected from the
limitation of water velocity in the coils, is compared with the adjusted number of
pipes. Thus, as a result of the thermal calculation, the preliminary design of the
apparatus (height of the collectors and number of pipes) is changed. In coiled tubing,
some parameters (flow areas, etc.) are usually also changed after the adjustment of

the pipe bundles.

After all the flow areas have been adjusted, the hydraulic calculation of the
apparatus is carried out by sequentially calculating the resistances and pressure
losses of the heat carriers in the process of their movement (described in Section
2.5).

A verification calculation may be required to clarify the thermal

characteristics of the heaters and their zones.

4.2. Verification thermal-hydraulic calculation

In contrast to the design calculation, the verification calculation of the heat
exchanger knows in advance the design of the apparatus, all heat transfer areas, as
well as operational features (the presence of layers of corrosion products and
deposits on the pipe surfaces, air suction in the chamber, etc.) The parameters of the
heat carrier are known only at the inlet to the apparatus. The task of the verification
calculation is to determine the parameters of the heat transfer fluids at the outlet of
the heat exchanger and inside it, as well as to calculate the efficiency (i.e., the

efficiency). In addition, sometimes it is necessary to know the parameters and

125



efficiency of the heat exchanger not only at the design (nominal) operating mode,
but also at other modes. Experience and practice show that this type of heat
exchanger calculation is much more complicated than a structural thermal
calculation. A complex nonlinear system of heat balance and heat transfer equations
with all the criteria is usually solved here by successive approximations. It is

practically impossible to implement such a calculation by a computer alone.

The algorithm of verification calculation of the high pressure regenerative
feed water heater, low-pressure regenerative live water preheater or steam cooler on
a computer should include the following main blocks: input and preparation of initial
data, verification thermal-hydraulic calculation, preparation and output of results. In
addition to the above blocks, the algorithm for the verification calculation of the high
pressure regenerative feed water heater includes a block for the hydraulic calculation

of the collector system (described in detail in Section 5).

The block for input and preparation of initial data should have the following
main points: input of input parameters of heat carriers (pressures, flow rates and
enthalpies); input of design characteristics; conversion of these values to the
calculation systems used in the methodology; calculation of the required derivatives
of design and geometric dimensions; setting the parameters of heat carriers for the

initial approximation.

The block of preparation and output of results should include conversion of
parameters and values to the technical system of units, if necessary; output of all
necessary parameters and properties of heat carriers and pipe materials (at the inlet,

outlet by sections and zones) and design characteristics to separate files.

The sequence and features of the algorithm for the verification thermal-

hydraulic calculation of the entire heater can be as follows:

1) calculation of the condensate cooling zone. In addition to the design

characteristics of the zone, the following parameters are set as initial parameters
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- the enthalpy of condensate at the inlet fo< and its flow rate Gxu at the
current approximation, which should be equal to that obtained as a result of
calculating the condensation of steam in the control zone steam condensation (KIT)

ir,- FOr the drainage cooler, these parameters are set;

- the enthalpy of feed water at the inlet to the condensate coolers (OK) Hyox :

which is equal to the enthalpy of feed water at the inlet to the heater i, and its flow

rate through the zone Gy .

As a result of the calculation of the heat balance and heat transfer in the

cooler, the algorithm of which is given below, the following are calculated

- the enthalpy of condensate at the outlet of the heater or the condensate

cooler:

ik =iy ey (4.27)

- enthalpy of feed water at the outlet of the cooler condensate coolers "Haox :
If there is no cooler, then

Ix =ir, =g Ty oo = Hyox :iHl. (4.28)
2) calculation of the control zone. The initial parameters, in addition to the

design characteristics of the zone, are set:

- Flow rate Gy and enthalpy iz, of feed water at the inlet to the control unit.

When connecting the cooler in parallel, it is equal to the enthalpy of feed water at

the inlet to the heater iz , and when the cooler is switched on, it is calculated by

formula (2.17);

- Flow rate G;; and enthalpy i, . of the heating steam at the inlet to the

control unit. If there is a steam cooler in this heater condensate coolers FZOH, itis

equal to the enthalpy of steam at the outlet of the steam cooler calculated on the
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previous approximation, and if there is no steam cooler, it is equal to the enthalpy of

heating steam at the inlet to the heater i ;
- mass or volume &;; content of air in the heating steam;

- flow rate Gyyx and enthalpy iy 0of additional condensate from the cascade

drain of the heater with a higher steam pressure in the vessel;

- flow rate Gy and enthalpy ipgof additional SWM steam injected from the

heater with a higher steam pressure in the vessel,

- Flow rate Gggof additional air from the SWM, which is introduced from the

heater with a higher vapour pressure in the housing;

The heat balance and heat transfer in the zone are calculated according to the

algorithm below.
As a result, at the outlet of the zone, the following are determined:

- enthalpy ir, ., and condensate flow rate G;

- the enthalpy io and flow rate Gpo of non-condensable steam, which is

discharged from the heater through the air exhaust device to the downstream heater;

- The flow rate of the air Ggg that is discharged from the heater through the

air extraction device to the downstream heater;

- enthalpy iz, of feed water at the inlet from the control unit.

This item is not included in the calculation of the steam cooler.

3) Calculation of the heat exchanger zone. As initial parameters, in addition to

the design characteristics of the zone, the following are set

- enthalpy of feed water at the inlet to the steam cooling (condensate coolers)

Lo Which is equal to the enthalpy of feed water at the outlet of the control unit

KIl iy, ., flow rate G, and pressure py, .
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- the enthalpy of the heating steam at the inlet to the steam cooling (condensate

coolers) ir, ,,» Which is equal to the enthalpy of the heating steam at the inlet to the

heater ™ =11, its flow rate G and pressure py . .

The heat balance and heat transfer in the zone are calculated according to the

algorithm below.
As a result, the following are determined:

- the enthalpy i, and pressure pr,  of the heating steam at the outlet;
- enthalpy iy, and pressure py.,, ,of the feed water at the outlet;
If there is no steam cooling, then

"raon =Mion I T MHyon T Mion T MHokn | (429)

: ]
4) using formula (2.20), the enthalpy of feed water 2 at the outlet of the heater
after conditional or actual mixing with the flow from the main heater is calculated
according to the heat balance equation of mixing. It is determined regardless of

whether there is a steam cooler or not;

5) in the low-pressure regenerative live water preheater, the feed water flow
rate through the steam cooling (OIT) “Han is calculated by the method of successive
approximations, assuming equality of pressures at the point of mixing the flow from
the steam cooling with the main flow. This takes into account the pressure losses of
the flows in the water chambers, outlet pipes, throttle washer and pipes of the heating
surface of the steam cooling. To accelerate the overall convergence of the
calculation, this item can be directly included in the calculation of the steam cooling
zone (item 3). If the entire feedwater flow rate is passed through the steam cooler or

iIf it is absent, this item is not involved.
6) heat flows are calculated for the entire heat exchanger:

a) given off by the heating medium (formula (2.1);
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b) received by the heated coolant (formula (2.2);

7) determine the heat imbalance in the control unit as a function of :
%0 =Cr~Ln (4.30)

and the error due to the imbalance:

H _ (4.31)

If the error value is greater than the permissible value, the calculation returns
to step 1.

In the event that the steam flow rate through the air exhaust device G is less
than zero, the material balance in the heater on the steam side is disturbed.
Obviously, here part of the surface of the intertubular space (mainly in the lower part
of the control zone) will be flooded with condensate. This process will be influenced
by surface tension forces and the capillary effect. It is difficult to accurately calculate
the heat transfer coefficient for such a process, where the heat transfer will be
determined by condensation in the upper part of the vertical or horizontal pipe
bundle and convection in the lower part. It is also difficult to say what part of the
condensate will accumulate near the condensate drainage baffles and what part will
accumulate at the bottom of the heater chamber. Therefore, the heat transfer
coefficients for steam condensation in the control room can be corrected for
condensate flooding esar. Such an integral correction factor can be found by the
chord method [22, 23] as a function of zero steam flow through the air exhaust device
G.

Thus, as a result of the calculation, a system of nonlinear equations of the
mathematical model describing thermal processes in the heater is solved with a given
accuracy with the linkage of the amount of condensate and non-condensable steam
in the control unit. As a result, in addition to the drainage cooler, the balance of

condensate flow according to formula (2.21) through the condensate coolers or at
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the outlet of the heater through the corresponding pipe must be observed with a

certain error after reaching the end of the calculation.

It should be noted that successive approximations can be made in a different
way and the temperature of feed water or condensate at the outlet can be selected as
the varying parameters for thermal calculations of the entire heat exchanger [2] with
the refinement of subsequent values for the heat imbalance in one of the zones
(condensate cooling, steam condensation or steam cooling) by methods of
accelerating the iterative process (chords, tangents, etc. [22, 23]). However, this
approach does not immediately determine the mode of operation of the control zone.
As the practice of calculations shows, the process of iteration in this case converges
very slowly, or even does not converge. The algorithm of this approach will be
complicated by conditional transitions and additional procedures that determine the
mode of operation of the control zone. In the proposed methodology, the
convergence of the iterative process is determined by the heat balance equations for

the entire heat exchanger.

In contrast to the thermal calculation algorithm, the hydraulic calculation
algorithm is reduced to a sequential calculation for each zone and section of
hydraulic and local resistances and pressure losses of heat transfer fluids. For feed
water, pressure losses are calculated from the inlet through the inlet pipe, the
condensate cooling, steam condensation and steam cooling zones, and the outlet pipe
to the outlet. For heating steam (condensate) — from the inlet through the inlet pipe,
the steam cooling, steam condensation and condensate cooling zones, the outlet pipe
to the outlet. In the low-pressure regenerative live water preheater, where the
feedwater flow through the steam cooling is determined by the throttle washer
installed in the outlet pipe, the flow and pressure loss in the steam cooling are
calculated by the method of successive approximations, taking into account that the
feedwater pressure at the mixing point at the outlet of the steam cooling with the
main flow flowing through the throttle washer should be equal. In a high pressure

regenerative feed water heater, the pressure losses in the feed water path, as well as
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its flow rates through individual pipelines, condensate coolers and steam cooling
zones, cannot be calculated by a sequential calculation of pressure losses. Here, these
parameters are determined by a complex calculation of collector systems, the

methodology and algorithm of which are described in Section 5.

Next, we consider the specifics of the calculation algorithms for the
characteristic zones of heaters — condensate cooling, steam condensation and steam

cooling.

As initial data for the condensate coolers zone, the parameters of the heat
carriers at the inlet (pressure py, . .and pr, ., enthalpy and iy, i ir, ), their flow
rates Gp,.and Ggof design characteristics are known. In case of dividing the
condensate cooler zone into sections, the calculation is performed during feedwater.
The condensate enthalpy at the outlet i, is found by the method of successive
approximations as a function of the zero heat imbalance in the entire condensate
cooler zone (condensate coolers) ¢ox. As a method of acceleration, it is advisable

to choose the chord method [22, 23], for which two initial values are set.

The algorithm for calculating a separate section of the condensate coolers

zone is as follows:

As initial parameters, the enthalpy of feed water at the inlet to the section

Mox, “'Mox. - condensate at the outlet of the section i =i with
T30k ; T'10K ;
]

Jj—1

) . ir .:ir ) .
countercurrent or at the inlet to the section ' ** with forward flow of coolants

Is known. For the first section, the enthalpy of feed water at the inlet U, = Lz, o, OF
the condensate at the outlet ryox, = i, With countercurrent flow of heat carriers
or at the inlet ok, = iryox with direct flow of heat carriers is known. The pressure

PHyo; = PHyox Praox; = Pliok,,

of the heat transfer fluids at the inlet M or outlet of

prlOK]-

= Pryog, - : : - :
1 the section Pryox» Phzox, Is considered to be in the external cycle;
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By the method of successive approximations, the enthalpy of the condensate

at the inlet i, with countercurrent or outlet i, with forward flow is calculated
] ]

as a function of the zero heat imbalance in the condensate cooling section condensate

coolers ¢01<j- As a method of acceleration, it is advisable to choose the chord

method, for which two initial values of the condensate enthalpy are given;
The heat flux given off by the condensate is calculated:

Qok; = GK(iFlOKj _iFZOKJ ). (4 32)

From the heat balance equation, the enthalpy of the feed water at the outlet is

calculated:

Ook .

+ J

o ; (4.33)

leon- = lHlon

In accordance with the dependencies (2.37) of thermodynamic properties for
underheated water, the inlet and outlet temperatures of feed water and condensate
are calculated using known enthalpies and pressures. For the condensate, the
saturation line crossing is checked (the enthalpy is compared with the one calculated
using formula (2.27), where the saturation temperature is calculated according to the

condensate pressure relationship (2.25)) and the degree of dryness is determined;

The average temperature pressure in the area Atcp, . is calculated according
)

to formula (2.113);

Using dependencies (2.106) — (2.112), the average temperatures of the heat

carriers in the section and the pipe walls are calculated;

The thermophysical properties of feed water and condensate (dependencies
(2.38)-(2.41) for underheated water) in the section (thermal conductivity, specific
volume, kinematic or dynamic viscosity, Prandtl’s number) are calculated at the
average value of its temperature. If the degree of dryness of the condensate at the

inlet and/or outlet is different from zero, its thermal properties are calculated as for
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a two-phase medium. The thermal conductivity of the pipe material is determined

by the average wall temperature (Table 2.9);

The velocities of the heat carrier are calculated from the continuity equation
(2.118);

Criterion heat transfer coefficients of heat carriers and their resistances are

calculated (given in paragraphs 2.3, 2.5);

In accordance with dependence (2.54), the heat transfer coefficient in the

condensate cooling section condensate coolers Kox; is determined,;

The heat flux transferred by heat transfer in the section of the condensate

cooling zone with area Foy; is calculated:

T
oK; = Kok Fok. At
Q" ok; = Kok, Fox; Alcpok; . (4.34)

The heat imbalance in the area and the accuracy in it are considered:

g0k, = LPOKJ' -100%
OK; °

Pok; = 0" ox; _QOKJand Qox, . (435)

If the accuracy value does not meet the acceptable value, the calculation

for the area is repeated until an acceptable accuracy is achieved.

Calculation of the heat balance and heat transfer of the condensate cooler
section can be accompanied by an external cycle of calculation of heat carrier

pressure losses Appoy. ( Aprg,. (formula (2.119) with verification of the
] ]

convergence of the values of these losses. In this case, the pressure of heat carriers

at the outlet of the section will be as follows:

Piizox; = Piiiox; ~APHox, gl Praok; = Priox, ~AProx, _ (4.36)

The average coolant pressures are calculated according to (2.120).

The heat flux given off by the condensate is calculated for the entire

condensate cooler zone:
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Qok = G o Iy (437)

and transferred by heat transfer:

QTOK = iQTOKJ
= : (4.38)

The heat imbalance in the coolant and its accuracy are considered:

. eox = L1009
ook =0 ok —OQok and Oox _ (4.39)

If the accuracy value does not meet the acceptable value, the calculation of the entire

zone shall be repeated until an acceptable accuracy is achieved.

If the condensate coolers zone is not divided into sections for the purpose of
the study or consists of only one characteristic section, the algorithm is carried out

according to the above methodology with the number of sections n = 1.

The initial data of the condensate coolers zone are the parameters of the
heat transfer fluids at the inlet (pressure p, .end pr, .andenthalpy i, and i, ),
their flow rates Gy i G for the zone and individual sections, and design

characteristics.

The algorithm for calculating the heat transfer and heat balance of a section
and the entire steam cooling zone is similar to the algorithm for calculating the
condensate coolers zone and its sections, except that superheated steam is used as a
heating medium instead of condensate. The thermophysical and thermodynamic
properties of superheated steam are calculated according to dependencies (2.42)-
(2.53).

As initial data for the control zone, the parameters of the heat carriers at the

ik, ), the flow rate of feed

- PHyyqp i Pr My
inlet (pressure ki “Tiand enthalpy i, ip B

water Gy, heating steam G, additional condensate Gy, steam Gpg and air Gggof

the introduced steam-blower mixture, and design characteristics are known. To take
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into account the influence of air content on the steam condensation process in the

control unit, the mass or volume content of air in the heating steam can be set &;.

The flow rate of the air present in the heating steam is equal to:
Gen =&n0m, (4.40)

In a high pressure feed water, steam is supplied to the condensing zone
evenly to the individual spiral coil blocks and the free space is very large. The
feedwater temperature at the inlet to each section is identical. Therefore, itis possible
to limit the calculation of steam condensation in one section (spiral coil block)
enclosed between two condensate separators. Other sections will work in a similar
way. In a coiled tubing system, steam moves in a cross-current pattern in the control
chamber, successively washing different pipe bundles and losing considerable speed
and pressure along the way (especially in vacuum pipes). The distance between the
partitions and, consequently, the passage areas for steam can vary during its
movement. The flow patterns of steam and feed water are very diverse. Therefore,
it is advisable to divide the condensation zone in the low pressure regenerative feed
water heaters into separate sections, which are a bundle of pipes of one feedwater
passage enclosed between two condensing baffles. The temperature of the feed water
at the inlet to each section will be different. The flow rate, steam pressure at the inlet
to each section and the saturation temperature in them will also be different. An
example of the formation of an array of design sections of the steam condensation
of the low pressure regenerative feed water heaters shown in Fig. 1.8 is given in Fig.
4.1. The sections are calculated sequentially during the feedwater. The algorithm for
calculating a separate section of the low pressure regenerative feed water heaters

control unit is as follows:
- As initial parameters, the enthalpy of feedwater at the inlet to the section

ik ; = Mg .and steam at the inlet to the section are known lr“mf. For the first

section, the enthalpies of feed water and steam at the inlet are known. The heat

PHyyy ; = PHyyq prlKHj
b

transfer pressures at the inlet , and outlet of the section

136



Pryq.» Py ar€ considered to be in the external loop. The steam flow rate at the
] ]

inlet to the section “Mwi/is determined by deducting from the steam flow rate in the
previous section the condensate flow rate resulting from its condensation and taking
into account the steam flow pattern through the heater sections. For the first section,

the flow rate is determined minus the moisture content (if any):

— 0 _
GHIKHI =Gy =xnGyy.

, (4.35)
feed water feed water
i=4 i:m i1 y)e sheet
e
j=1 j=1
steam i Y . steam
—>é j=2 j=2 ><—
1cou Y 1 course
=3 j=3
Y —condensate drain
. . fartition
74 < >\ J=
<\ 2 colirse )
3 course j=5\s > < < j=5 3 course
extra steam j=6 j=6 extra steam

4 cours

I — index of the section for the main condensate (feed water)
J — index of the section for the heating steam

Fig. 4.1 - Scheme of formation of the array of calculation sites of the KIT ITHT
ITH -400-26-2 -1V

- by the method of successive approximations, the enthalpy of the feed

water at the outlet Hax, is calculated as a function of the zero heat imbalance in the
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steam condensation section steam condensation ¢y Iz As a method of acceleration,

it is advisable to choose the chord method, for which two initial enthalpy values are

set;

- the heat flux received by the feed water is calculated:

QKHJ. =Gy (leKnj " ik, ); (4.36)

- according to the dependencies (2.37) of thermodynamic properties for

underheated water, the feedwater inlet and outlet temperatures are calculated using

known enthalpies and pressures. The saturation temperature of steam ’s, in the
section is calculated by its average pressure in accordance with dependence (2.25).
For steam, the transition of the saturation line is checked and the degree of dryness,
its inlet and outlet temperatures are calculated according to (2.25) for saturated or

(2.47) superheated steam;

The average temperature pressure in the section is calculated

Atcpy according to formula (2.113), where the temperature of the heating medium
]
at the inlet and outlet is the saturation temperature of the steam °S/ ;

Using dependencies (2.106)-(2.112), the average temperatures of the heat

carriers in the section and the pipe walls are calculated.

The thermophysical properties of the feed water (formulas (2.37)-(2.41) for
underheated water and (2.27)(2.36) for saturated water and (2.42), (2.51)(2.53) for
superheated steam) in the section (thermal conductivity, specific volume, dynamic
viscosity, Prandtl's number) are calculated based on the average value of its
temperature. If the degree of mass (volume) air content in the mixture is different
from zero, the thermal properties of the vapour-air mixture are calculated (2.88),
(2.93) (2.96) The thermal conductivity of the pipe material is determined by the

average wall temperature (Table 2.9).
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From the continuity equation (2.118), the velocities of the feed water of the

section are considered;

Criterion heat transfer coefficients of feedwater in pipes and their resistances,
as well as heat transfer coefficients for condensation of pure steam or steam-air

mixture in pipe sections are calculated (see paragraphs 2.3, 2.5);

In the process of film condensation of steam on pipes with a linear temperature
distribution and parabolic distribution of velocities in the film (formulas (2.72) and

(2.103), the average temperature of the condensate film in the section will be:

3
Ik, =1s, —g(fs_, —fCTHAPKHj)

’ ; (4.37)
In accordance with the dependencies (2.37) of thermodynamic properties for

underheated water, the enthalpy of condensate ", at the outlet of the section is

Ik Ps;

calculated using known values of temperature "~/ and pressure

The heat balance equation is used to calculate the condensate flow rate

received by the section, taking into account heat losses through the casing insulation:

_ QKH] +QH3J

Kj

ey K] ; (4.38)

In accordance with dependence (2.54), the heat transfer coefficient in the

control unit section steam condensation Ky IS determined;

The heat flux transferred by heat transfer in the area of the control unit zone
with area Fin, Is calculated:
QTKHJ- = KKHJ-FKHJ-AtCPKHj )

: (4.39)

The heat imbalance in the area and its accuracy are taken into account:
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‘(pm" 100%
_ T _ ek, = 5 0
Pur, =0, = Cua, g O, (4.40)
If the accuracy value does not meet the acceptable value, the calculation

for the site is repeated until an acceptable accuracy is achieved.

The total condensate flow rate is defined as the sum of the condensed steam

flow rates at all sites:

G, = 3 Gy, +GX
A (4.41)

where G = (I=xm)Gn

The resulting enthalpy of condensing steam at all sites, taking into account
the mixed condensate flow, which was previously subtracted at the entrance to the
control unit from the wet heating steam flow, is determined by the heat balance of

their mixing:

K . K.
2. Gy ix +Gpi
= JoNJ

g =

ikn

a , (4.42)

Gk

The supply of the steam-air mixture and additional condensate from the
cascade drain is usually carried out in the lower part of the heater. The steam of the
steam-air mixture and steam from the self-boiling of the additional condensate
condenses on the lower sections (bends) of the control pipes. The total amount of
additional steam from these streams and pure condensate is determined by their

dryness degrees, which are calculated by enthalpies at the steam saturation line at
the outlet of the last sections i"ZKH u i'ans according to the lowest steam pressure
in the control unit zone (outlet) pr, .. The flow rates and degrees of dryness of these

streams will be:

Vo ~i200 gt K 720 | o i =0 (4.43)
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I — 1 2y

XmB == = . Rt
b2 — 12 gt lr[B<lan,0r an=1, (444)
G =%k Giac gl Gk = (1= x1a)Giac (4.45)
Gz = X G and G = (1= x13)Grp : (4.46)

The previously determined enthalpy of mixing of condensed steam at the
lowest steam pressure in the control unit may fall into the two-phase region
(condensate self-evaporates when falling down the heater). Therefore, a check must

be made here:

ik =i 2

Xk = — Lo
Vo —12a | at & 72, Or ¥k =0, (4.47)
Gk =0k and Fkn = (1= ¥)0xy (4.48)

If x x>0, then it is assumed that i =i’ ;
The total additional steam flow from all these streams is:

11 11 11
GH}JOI‘I = GKK + GHB + GKK]'[ (4-49)

The enthalpy of this steam is equal to "2

The total flow rate of additional condensate separated from these streams:

GKZ[()H = GII((K + Gll_(fB . (450)

The total flow rate of all condensate leaving the control unit is:

Gic =Gy * G (4.51)

The enthalpy of the condensate at the outlet of the control unit zone is equal

to:
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. Giyon iz + Gk ik
fawn G . (4.52)

The calculation of the heat balance and heat transfer of the control unit area
can be accompanied by an external cycle of calculation of feedwater pressure losses

APHKH,— (formula (2.119) with verification of the convergence of these IossesAppKHj.

(condensate) The air flow rate in the steam-air mixture remains unchanged.
Proxn; = PHikn; — ApHKHjTa Proxn; = Prixm; — APFKHJ-' (4.53)

The heat flux received by the feedwater is calculated for the entire control

Z0ne:

QKH = GH(iHZKn - iHlKl_l)’ (454)

where the enthalpy of the feedwater at the outlet of the control unit steam

condensation iy, is equal to the enthalpy of the feedwater at the outlet of the

last section along its movement.

Heat flux transferred by heat transfer:

QTKH = iQTKn,
A (4.55)

These two heat fluxes will differ within the tolerance of the error, and the
heat imbalance in the zone will be determined by the difference between the amount
of heat transferred by the heating medium, taking into account the mass balance,
heat losses through the insulation, and the amount received by the feedwater. The
value of this imbalance is calculated by the algorithm for the thermal calculation of

the entire heater described above.

If the control zone is not divided into sections or consists of only one section
for the purpose of the study, the algorithm is carried out according to the above

methodology with the number of sections n = 1.
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The flow rate of air exhausted from the heater through the air exhaust device
G o, will be equal to the sum of the inlet air flows with the heating steam G gy

heating, and from the upstream apparatus G gg.

The flow rate of steam discharged from the heater through the air exhaust
device G, will be equal to the total flow rate of steam at the outlet of the last sections
along its course. For tubing, these sections are the pipe bends. Thus, the sum of the
flow rates of steam G 1o and air G o is the flow rate of the steam-air mixture

discharged from the heater.

4.3. Joint verification calculations of heater groups

The variety of heaters included in the regeneration systems (Figs. 1.1-1.6)
Imposes its own peculiarities on the construction of algorithms for their verification
calculations. palign="‘justify’> For each regeneration system of thermal schemes of
steam turbine plants, a different algorithm is developed. The generalised
methodology and algorithm for verification calculations of regeneration systems are

as follows:
1) Initial data are set:
- design characteristics of each preheater or individual drainage cooler;

- steam parameters at the outlets to each heater (flow rate, pressure and

enthalpy);

- feed water parameters at the inlet to the regeneration system (flow rate,

pressure and enthalpy);
- Drainage pump heads (if available);

- flow rates and enthalpies of the steam-air mixture (SAM) and cascade drain
condensate that may enter the regeneration system from higher pressure units that

are not part of the system;
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- are estimated for a first approximation of the enthalpy of cascade drain
condensate from higher pressure vessels included in the regeneration system. Their

steam consumption in the steam-air mixture (SAM) is assumed to be zero;

2) Feedwater sequential calculation of all heaters and devices of the
regeneration system (described in paragraph 4.2). In this case, the pressure and
enthalpy of the feed water at the inlet of the next heater are assumed to be equal to
the outlet of the previous one. If the condensate stream after the drainage pumps
(IH) or a separate drain cooler (OJ]) is mixed upstream of the heater, the enthalpy
of the feed water inlet is determined taking into account the mixing of these streams.
The enthalpy of the condensate after the drainage pumps (/IH) is calculated based
on their head. The enthalpy of dry saturated steam and condensate in the expansion
tank (ET) is calculated from its pressure, and the flow rate of steam and condensate
from it is calculated from the degree of dryness of the wet steam in it. The enthalpy
of this wet steam is determined after mixing the condensate flows entering it from

higher pressure units;

3) All the obtained enthalpies of the cascade condensate from the units
included in this regeneration system are compared with the previous values. If the
difference between them is less than the permissible value, the calculation is stopped,

otherwise it goes back to step 2.

As a result, after the calculation is complete, all the parameters of interest
for each heater can be output to separate files. In this case, the results will be linked
to their operation in the regeneration system. The aggregated parameters for the
entire regeneration system can be output in a separate file (as thermal diagrams of
turbine units). The output data (except for design data) can be generated in separate
files for each unit as lists of output parameters for all warranty modes of turbine
units. At the same time, in the computer dialogue window, it is possible to provide

for the selection of these modes and to calculate regeneration systems for them.

144



CHAPTER 5

FLOW DISTRIBUTION IN THE HYDRAULIC NETWORKS OF HIGH-
PRESSURE HEATER MANIFOLD SYSTEMS

The hydraulic network of the collector system of spiral-coil high-pressure
regenerative feed water heaterss is a complex system of connecting feedwater
pipelines (see Figures 1.10, 1.12). The hydraulic calculation of collector systems of
such high-pressure regenerative feed water heaterss consists in determining the
velocities and flow rates of feedwater in each section of the pipeline (spiral coil,
distributing or collecting section of the collector, feedwater supply or discharge
pipelines). Only after such a calculation can the feedwater flow rates through the
characteristic zones (steam cooling, steam condensation and condensate coolers) of

the heater be accurately determined.

When designing a heat exchanger according to known methods [2], in
practice, they are limited to finding the unevenness coefficient, which represents the
ratio of the maximum and minimum flow rates of the heat carrier through individual
coils in a spiral block using simplified and empirical dependencies. In this case, the
total flow rate of feedwater through the zones is set, and the throttle washers that
regulate it are selected. However, as it is known from the practice of operating this
type of water treatment unit, these irregularities significantly affect the reliability
and service life of the units, so the accuracy of their determination is very important.
To solve this problem, elements of graph theory are used below, which is usually
used in the calculation of the entire thermal scheme of a power plant and complex

engineering networks of various types (gas, heat, water, ventilation, etc.) [41-47].
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5.1. System of equations for the hydraulic network of the collector system of
high-pressure heaters

The system of pipelines of the collector system of the high-pressure
regenerative feed water heaters (network topology) is represented as a graph [41-43]
(see an example in Fig. 5.1), where the branches (edges) are spiral coils, sections of
the distributing and collecting collectors, between the coil mounts, supply and
bypass pipelines, and throttle washers. The junctions (nodal points) of branches are
used as nodes (nodal points). The distribution of flow rates across branches and
pressures across nodes in such a graph is described by the well-known Kirchhoff
laws. The closing equations here are the dependencies for determining the hydraulic,

local resistance and pressure drop in each branch, and even the flow equations.

source node

hanging knot-
| stick

\! fictitious branch

1

contour 41/

N

7 410

\
}
1
1
[N s

Fig. 5.1 - Example of a complex hydraulic network graph

Kirchhoff's first law for a mathematical model of a graph is as follows:

AijGj :Mi’ (51)

where A -is a matrix of connections (incidents) of size m x n, the element

of the matrix is equal to -1 if the flow along the branch leaves the node (the initial
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node of the branch), 1 if the flow along the branch enters the node (the final node of

the branch) and 0 if the node does not belong to the branch;
m and n are the number of nodes and branches in the graph;

G j— is a vector of mass flows along branches of size n, the element has a
sign (+) — the direction of the flow coincides with the direction of the branch, (-) the

direction of the flow does not coincide with the direction of the branch;

M j— is a vector of mass sources in nodes of size m, the element has a sign (+)

— source, (-) — sink of mass in the node;
| —index, each i-th row corresponds to a node;
J — index, each j-th column corresponds to a branch.

If we introduce a matrix of linearly independent circuits [42 -47], then

Kirchhoff’s first law can be written in the form:

N
G, =>K;,G,
k=1 , (5.2)

T
where K. is the matrix obtained by transposing the matrix of linearly

independent contours K «; of size s x n. The matrix element is equal to 1 if the branch
enters the contour and its direction coincides with the direction of the contour
traversal, -1 if the branch enters the contour and its direction does not coincide with

the direction of the contour traversal, and 0 if the branch does not enter the contour:;
s — number of contours (root of the graph tree), s = n-m + 1;

G k- Is a vector of mass flow rates along the links of the contour of size s,
the element of which is equal to the mass flow rate in one of the branches of the

contour (link);
k — index, each k-th row corresponds to a circuit,

J — index, each j-th column corresponds to a branch.
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Kirchhoff’s second law for the mathematical model of a graph is as follows:

Z;Kijpj =0
j=

, (5.3)
K «j - 1s a matrix of linearly independent contours;
where Ap j - is a vector of pressure drops in branches of size n .
The closing equations for the pressure drops in each branch are:
Ap; :ZjGjGj_Yj, (5.4)

where Z j - is the vector of branch impedances, with size equal to the number

of branches n;

Vi
Z; = 2/ 2.8

v j - Is a vector of average specific volumes of fluid flow in a section of

branches;

fj - is a vector of flow areas of the branch channels;
2%, - Vector of total hydraulic and local resistances of branches,

L.
2.8, =Arp; Cl,aj""Z&Mj
j

Atpj - a vector of friction coefficients per unit length of the branch channel

sections, determined by formulas (2.122)-(2.125);
L ;— is the vector of branch channel lengths;

d g— is the vector of equivalent diameters of the branch channels;

2.5, - js the vector of total local impedances of the branches;
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Y j — vector of active sources of pressure in the branches (pumps, fans,

hydrostatic pressure, etc.).

Equation (5.4) is written in such a way as to take into account the direction of
mass flow against the branch direction. If, as a result of the calculation, the sign of
the mass flow G j in the branch is reversed, then the flow in the channel will be in

the other direction.

The elements of the flow velocity vector in the branches are determined from
the flow equation (2.118):

W, - G]J; vi
i, (5.5)
The vector of active sources of pressure Y j (both with (+) and ( -) signs in

collector high-pressure regenerative feed water heaters systems) is the hydrostatic

pressure caused by the difference in the height of the initial and final branch node:

AT h

Ji

Y, = Aprer ;=78
Vi (5.6)

where hj - is a vector of node heights of size m; the lowest point of the pipe

system is the zero point;

T
J- is the matrix obtained by transposing the matrix of connections

(incidents) A ij;

g - Is the acceleration of free fall.

149



Below are examples of incident matrices A ij and circuits K ; for the hydraulic
network graph shown in Fig. 5.1 (here: number of nodes m = 7, branches n = 10,

linearly independent circuits s = 4):

Aij ]
i 112 |3 |4]5|6 |7 (89|10
1 |-1|-12/0 (0|0 |0 |0 |0 |O|O
2 |10 (-1|-1|1 /00|00 |O
3 (011|000 ]|0O]|-1|0|O
4 (010|000 (|-2|0O |2 |1 |-1]|0
5 (0/0|0|1 |0 |-1{0 |0 |0 |O
6 |00 (0|0 |0 |1 |-1{0 |0 -1
7 10 0|0 (00|00 (1|12

Kk J

k |12 |3|4|5|6|7|8|9]10

1 |1/-1{1|0|0|0|0 |0 |0 |O

2 |0|0|-1/0|-12/0|0 |20 |0

3 (0|00 (2|1 (2|1 |0 |0 |0O

4 (0/0 |0 |00 |Of-1]|0 |-1|1

Fig. 5.1- Below are examples of incident matrices A i and circuits K j for the

hydraulic network graph

In practice, there are many variants of hydraulic networks: closed, open and
open-closed. In an open network, the boundary conditions prevail in all nodes where
the flow enters the network - i.e., sources, or leaves the network - i.e., sinks (see
nodes 1, 6 and 7 in Fig. 5.1), the pressure is set (fixed) and the flow rate of the
medium passing through the network and its individual branches is determined. In a

closed network, flow rates and pressures are set as boundary conditions at the source
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nodes, and flow rates and pressures are determined at the sink nodes and along all
branches. In open-circuit systems, some sink nodes may have fixed pressures. In this
case, there should be two or more sink nodes, and at least one of them should not
have a pressure. In the calculations of collector high-pressure regenerative feed
water heaters systems, closed and open-loop systems are mostly present (for
example, when fixing the pressure at the end of the feedwater outlet pipeline from
the steam cooling). It should be noted that in closed or open-loop networks, only the
sink nodes are connected to each other by additional ‘dummy’ branches for
calculation purposes (see branch 10 in Fig. 5.1). The pressure drop across such
branches is considered as the difference in pressure at the source and destination
nodes. In open networks, all source and sink nodes are connected by dummy
branches for calculation purposes. Additional dummy branches allow you to form
the necessary circuits (see circuit 4 in Fig. 5.1), without which the hydraulic network
graph will be incomplete. In closed systems, there may be ‘hanging’ branches and

nodes that are not included in any circuit and the flow rate in them will be constant.

5.2. Calculation of the hydraulic network of the collector system of high-
pressure heaters by the method of contour correction flows

Kirchhoff's laws (5.2), (5.3), the closing dependencies (5.4)-(5.6) and the
topological structure of the graph are a complex and cumbersome system of
nonlinear equations. There are many ways to solve these systems, which have been
tested in the calculation of water supply, heating, ventilation and other complex
engineering networks and systems [41-47]. Here, it is proposed to use the iterative
method of contour correction flows [45-47] with the calculation of corrections by
the Newton method [22, 23]. The advantage of this method is that it operates with a
matrix of contours [42-47], which reduces the order of the system compared to the
matrix of connections (incidents) and has fast convergence. The disadvantage of this

Is that it is necessary to clearly specify a cost-balanced initial flow distribution [46].
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In this case, there is no such problem for the topological structure of the graph of the
high-pressure regenerative feed water heaters collector systems, since the initial flow
rates through pipelines and collectors can be easily set without taking into account

irregularities.

The calculation algorithm for this method, adapted for the calculation of

high-pressure regenerative feed water heaters collector systems, is as follows:

1) Input, initial data and boundary conditions for the network graph are

specified:

- geometric and hydraulic characteristics of branches (arrays): vector of flow
areas of branch channels f j , vector of lengths of branch channels L ; , vector of
equivalent diameters of branch channels d g, vectors of the number of identical

parallel connected physical branches (channels) n j, which are included in one when

replaced by equivalent ones, vector of total local resistances of branches 2.8m;
- vector (array) of heights of nodes h ; relative to the lowest node;

- topology of the graph (connection matrix) A ij, which can be represented
as an array, the element number of which corresponds to the branch number, and the
columns contain the number of the start and end node and the identifier of the branch

type (pipe, spiral coil, distributing or collecting collector, throttle washer);

- temperature characteristics necessary for calculating the thermophysical
properties of the flow: a vector of flow temperatures in nodes t ; a vector of average

flow temperatures in branches t cpj;

- a vector of approximate initial average flow pressures in the branches p
cpj, necessary for calculating the thermophysical properties of the flow. As a result
of the calculation, this vector will acquire accurate values according to the balanced

flow distribution;
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- Boundary conditions: identifier of the closed or open system, flow rates and
pressures in the source nodes and, if available, fixed pressure in individual sink
nodes for a closed system or pressure in all source nodes and sinks for an open

system;

- initial flow distribution in the network: mass flow rates in the branches with
the balance of mass flow rates in the nodes in accordance with the first Kirchhoff's
law in the form (5.1). In this case, as a result of the calculation, the values of mass
flow rates in source or sink nodes for a closed system will be saved, and the flow

rates in branches (mass flows) will be specified;

2) a matrix (array) of linearly independent circuits K j of size s x n is
constructed from the matrix of compounds A i, which is presented in the form of an
array, using a separate algorithm, s=n-m+ 1 - ng- m 5, n is the number of graph
branches, m is the number of graph nodes, n g is the number of ‘hanging’ graph
branches including dummy branches, m g is the number of ‘hanging’ graph nodes
including dummy branches. From this matrix, another algorithm is used to build a
tree for calculating the pressures in the nodes as an array of the order of passage of
the branches. In nodes where the pressure is fixed, its value should not be

recalculated.

Then, using a computer subroutine, the method of contour correction flows
with corrections according to the Newton method is implemented, the algorithm of

which looks like this

3) calculation of the thermophysical properties of the medium in each branch,
construction of vectors of flow velocities in branches W j , impedances of branches
Z j of active pressure sources in branches Y jand vectors of other parameters

characterising the flow;

4) using the array of the connection matrix and the array of the pressure

calculation tree, the elements of the pressure vector in the nodes are calculated:
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where p gojand p uj are the pressures at the end and initial nodes of the current

branch j ;

- the vector of average flow pressures in the branches is constructed using the

array of the connection matrix:

_ ij +ij
pCPj 2 ’ (58)

5) according to the second Kirchhoff's law (formula (5.3), a vector of unbound

pressure drops along the contours is calculated and formed, with the size s :

Ji=r = Zn:KijPj
= , (5.9)

where the index symbol | is used in the implementation of Newton's method;

6) determine the maximum modulo value of the uncoupling from the vector
rand compare it with the permissible value. If this value is less than the permissible

value, the calculation is stopped, otherwise it proceeds to the next step;

7) the elements of the Jacobi matrix of size s x s are calculated [22, 23]:

—@=22K,.K Z.G,

Jkj i

66, = ’ (5.10)
8) the system of linear equations is solved by the Gauss method [22, 23].

BlkAGk :fk (5_11)

where AG  is a vector of contour correction costs (solution vector) of size

s for the Newton method:
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9) according to Kirchhoff's first law (formula (5.2), new values of the costs
in the branches are calculated (the cost vector is built) for the next approximation:

N
k=1

J

, (5.12)
G\ u Gl . .
where 7/ 7 are the refined mass flow vectors in the branches for the

next approximation (iteration) g +1 and in the current approximation (iteration) g ;

10) the calculation again goes to step 3 and is repeated until the maximum

modulo value of the nonunion from the vector f is less than the permissible value.

The hydraulic network of the collector system for any high-pressure
regenerative feed water heaters has a homogeneous structure (collectors - spiral
coils) with the inclusion of individual elements specific to certain types of high-
pressure regenerative feed water heaters (choke washers, feedwater supply,
discharge and bypass pipelines). The formation of collector system graphs and
arrays of initial data for the calculation of individual types of high-pressure

regenerative feed water heaters can be performed automatically by a computer.

The collector system of the high-pressure regenerative feed water heaters has
features that allow simplifying the algorithm and calculation. One of them is that
there are columns of spiral coils from different collectors in the high-pressure
regenerative feed water heaters chamber, arranged symmetrically and operating in
parallel. In this case, some elements can be represented as one equivalent branch of
the graph, the flow rate and cross-sectional area of which are equal to the flow rate
and cross-sectional area of one physical branch multiplied by their number N j, and
other parameters will remain unchanged. As an equivalent branch of a spiral coil, it
Is advisable to take all spiral coils located in the same horizontal plane and operating
in parallel. In this case, their number N jis equal to the number of collectors in the
high-pressure regenerative feed water heaters N xon. The equivalent branch of the

graph of collecting or distributing collectors will include half of the total number of
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collectors in the high-pressure regenerative feed water heaters N xon /2. When coils
are connected in series through collecting collectors in some steam coolers with one
distributing collector and an output from the steam cooler, the equivalent branch of
the spiral coil N j will be a multiple of the number of spiral blocks in series in the
steam cooler Nkos/n oci . For an equivalent branch supplying the entire flow to the
distributing collector and discharging the entire flow from the collecting collector,
N, will be equal to one. The equivalent branch of intermediate collectors in the steam
cooling will include the quantity ( N ko -2)/( N nocn-1). The equivalent branches of
the bypass, supply and discharge pipelines N j will include the number of these
pipelines operating in parallel. For the equivalent branch of constriction devices
(choke washers), N j will correspond to the pipelines or collectors in which they are

installed.

Equivalent replacement allows to significantly reduce the volume of branches
and nodes of the graph (see examples in Figures 5.2 and 5.3) without any noticeable
impact on the calculation accuracy. The characteristics of the graphs taking into
account the equivalent replacement of the elements of the hydraulic networks of the
collector systems of the high-pressure regenerative feed water heaters of 300 and
500 MW turbines are given in Table 5.1.

As a result of the calculation using this method, a balanced flow distribution
in the network is obtained with a given accuracy, and there are vectors of all the
necessary parameters for branches and nodes that can be displayed in tabular form
in separate files. Using this data, you can build various graphs of the distribution of
hydraulic parameters and get an idea of the operation of individual components of
the apparatus. This data can be used to analyse the erosion and corrosion wear and
elastic-plastic state of coils and pipes (see Sections 7 and 8 for the methodology), as
well as in the thermal calculation of the machine (Section 4). Examples of the
distribution of velocities and pressures of feed water in the graph of the collector

system of the apparatus shown in Fig. 5.2 are given in Figs. 5.4, 5.5,
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regenerative feed water heaters turbines with a capacity of 300 and 500 MW

Total number of

_ elements
Heé}ggg (bLar]:ches) Gr_apr; totpololgy aftert
Type of [IBT asrlé;, © equ?erIZnt equivalent replacemen
2 replacement
coils brailclhes branches | nodes | contours

IIBT group of turbine unit K 300 240 KhTGZ
IIBT -1 444 324 654 265 177 89
IIBT -2 567 324 654 261 175 87
IIBT -3 444 324 652 244 165 80
bl N group (1) 1455 | o972 | 1960 | 770 | 517 | 256
bl N group 2| 5919 | 1944
IIBT group of turbine unit K 500 2402 KhTGZ
IIBT -1 2016 1068 2226 646 417 230
IIBT -2 2016 1068 2226 606 397 210
IIBT -3 2052 1068 2184 646 417 230
The entire HST| gog4 | 3204 | 6636 | 1898 |1231| 670

group

Table 5.1 - Characteristics of the graphs of collector systems of high-pressure
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Fig. 5.3 - Diagram for calculation of the collector system of the high-pressure
regenerative feed water heaters of the turbine unit K 500-2402 KhTGZ with the

steam cooling switched on
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CHAPTER 6

DISTRIBUTION OF THERMAL CHARACTERISTICS IN SURFACE
HEAT EXCHANGERS FOR POWER PLANTS

When analysing the processes inside surface heat exchangers in power
plants, it becomes necessary to determine the local thermal characteristics at a study
point at an arbitrary length of one of the pipes that make up the heating surface. In
this section, we consider the schemes of cross-current flow of heat transfer fluids,
which are typical for surface heat exchangers and heat transfer tubing, and which
have already been studied in detail in Section 3. In such schemes (see Fig. 3.7), one
of the heat transfer fluids flows inside the elements (pipes or rows of pipes, sections,
coils), i.e. it is not mixed, and the other flows outside in a cross-flow pattern, i.e. it
Is mixed. The main elements in the cross-current schemes of surface high-pressure
regenerative feed water heaters and low pressure regenerative feed water heaters are
elements with mixing of only one of the heat transfer fluids (see Fig. 3.1 a and b) -

I.e., rows of pipes or spiral coils, hereinafter referred to as pipes.

The initial data for the design or verification calculation of a separate
section or the entire zone are the temperatures of the heat carriers at the inlet t 11, t
m and outlet t r», t y2 . For this zone or section, the number of passes (current
multiplicity) z and the number of pipes in one pass n are also known. At the initial
stage, the task is to build four arrays of heat carrier temperatures of size n x z:

unmixed at the inlet and outlet of each pipe and mixed before and after each pipe.

When deriving the correction factors for the logarithmic mean temperature
pressure in Section 3, the dependences of the degree of heating or cooling of ¢ heat
transfer medium, were obtained for a single pipe scheme with the number of pipes
n (Fig. 3.6). When forming an array of coolant temperatures, it is convenient to first
calculate the temperatures of the non-mixed coolant at the inlet and outlet of the
pipes, and then the temperatures of the mixed coolant in front of and behind each

pipe are easily determined. From the degree of heating (cooling) of the heat transfer
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fluid, the degree of heating (cooling) of the non-mixed heat transfer fluid in each
pipe is easily obtained, since these parameters are interrelated. For the one-time
scheme from Fig. 3.6a, the degree of heating of the non-mixed coolant in each pipe
will be:
N i 1
- (1 _ n _ n _
o1 = on (1-PR) {(1 PR) 1}
where P and R -are dimensionless parameters calculated by formulas

(2.115) and (2.116) from the temperature values tr1, t maitrz, tuz;

| —is the index of the flow pipe; the countdown of which begins from the

inlet of the mixed coolant.

Dependence (6.1) applies only to a single circuit. In order to move to a
multiple circuit, it is necessary to multiply formula (6.1) by a coefficient representing
the difference in the heating degree of the non-mixed coolant before and after the
current and previous stroke inclusive ¢j-o;j-1 , and in the formula (6.1) itself, take
into account the current multiplicity. The desired differences for the current diagram

in Fig. 3.3 a, will be:

1P [1—PR]§ 1_(1—PRJ‘1
i Tpa-rl1-pP 1-p

where j - is the index of the current stroke; the countdown is from the inlet

, (6.2)

of the mixed coolant.

Taking into account the multiplicity of the current circuit, formula (6.1) for

the circuit of Fig. 3.6 a will be as follows:

, (6.3)
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where  the  parameter is  considered to  depend on

1 -1

®= 1 R(l_P)Z—l
R-1| \1-PR

After similar transformations and other current circuits of Figs. 3.3 and 3.4,

the generalised dependence of the degree of heating (cooling) of the non-mixed

coolant in a particular pipe i located in the course j will be as follows:

n Ik 1 1
Qi,j =P1iPx j :m.ﬁz Con '[1_6 Z]-[m n _lJ

where 3, ® -are dimensionless parameters:

(6.4)

(a) Schematic of Fig. 3.3 a:

~ R-1
B—ﬂ T wo1sl P
S 1-P, RB ?-1at R=1and =~ z1-Pat R=1;
b) scheme of Fig. 3.3 0:
R-1

po =P T 3 st P
“1-PR, B*-Ragtr=ziand =~ zi1-Patr=1;

c) scheme of Fig. 3.4 a:
CRP 1
p=1-P(R+Dgnd " R+l :

d) scheme of Fig. 3.4 6:

1
o B: +R
B=1-P(R+Dgnd =~ R+l

where Kk is the index of the current pipe of the number n in the stroke; k=i if

the parity (oddity) of j and z coincide, otherwise k=n -i+ 1; the index i starts from
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the first pipe that meets the path of the coolant mixed in the apparatus, and for all
strokes its direction does not change, and the index j is counted from the first stroke

of the coolant mixed.

The array of temperatures of the non-mixed coolant at the inlet to each pipe,

depending on the current pattern, will be formed as follows:

tij =tiei jugnd buies =4 ( schemes of Fig.. 3.3 a), (6.5)
trii,; =tra2iyugngd triza = ( schemes of Fig. 3.3 6), (6.6)
tni,j =teijagnd tmie =t ( schemes of Fig.. 3.4 a), (6.7)
trii,j =trai jagnd trie =t (schemes of Fig. 3.4 6). (6.8)

Together with these temperatures, the temperature of the non-mixed coolant

at the outlet is considered for each pipe:
toi,j =i+ 05t ~tm) ( schemes of Fig. 3.3 a ta 3.4 a), (6.9)
trai j =tri,j ~@i,itri ~tr2) (schemes of Fig. 3.3 61 3.4 6), (6.10)
where ®i.idependence (6.4) is considered.

Similarly, the array of temperatures of the coolant mixed before each pipe is

constructed:
trig j =trakaj oo j =traw jagg trno =tri( schemes of Figs. 3.3 a,3.4a),  (6.11)

tng,j =heics, j tmoj =tei japg o =tm ( schemes of Figs. 3.36,3.46), (6.12)

and for each pipe:

R
t l..:t i.——(t l..—t l..) .
i g TR LT g 330 8.49),  (6.13)

g, j = IR R 0 ) g 335 3.4 ). (6.14)

In the sections of the distributing collectors (see Fig. 3.6), the temperatures of

the non-mixed coolant will be the same. For collecting or intermediate collectors in
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a multi-pass scheme, the enthalpy of this heat carrier in the section after the adjacent
pipe or pipes is determined on the basis of the heat balance at the point of mixing of
flows from the previous section of the collector and the current pipe. The enthalpy

and pressure of the heat carrier are used to calculate its temperature.

For a complete understanding of the thermal processes in the devices, it is
necessary to know the temperatures of the heat carriers not only at the ends and
outside the pipes, but also their distribution along the length of the pipe. As an object
of study, we take an arbitrary pipe of the heating surface of a heat exchanger with a
cross-current of heat carriers of length L, located in the current passage j and having
a number in this passage i. From the above calculations for this pipe, the
temperatures of the heat carriers at the inlet, outlet, upstream and downstream are
known. For the current scheme in one stroke (Fig. 3.6 a), the solution of the system
written for this pipe, consisting of equations (2.115), (2.116), heat balance and heat
transfer, using excellent bounds, gives the distribution of the dimensionless

temperature parameter P along the length:

Rl {(1+thln(l—PiJ))L—l}

0]

P

X0, =

l-e #0

at Ri.j (6.15)

where the parameters P j, j and R i, j are calculated by formulas (2.115) and

(2.116) from the temperature values t w1, j, triijitmij troij;
X - is the current coordinate on the length of the pipe L from the coolant inlet.

For the one-stroke current scheme of Fig. 3.6 b, the system of equations is

composed similarly to the previous one and is solved similarly:

1 i
Ri,j (1+?’jln(1—Pi' jRi, J))L—l
1-e R, : #0

Ri.j = at Ri*0  (6.16)

I:)x,i,j

In the case of condensation of the heating medium (i.e. ) for both schemes:
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X

Peij :1_(1_Pi,j)Lat Rij=0 (6.17)

The temperature of the non-mixed heat carrier at position x on the length of
the pipe L is expressed from formulas (2.115), (2.116) and (6.15)-(6.17):

i, = b g Bt i (i~ ) (scneme of Fig. 3.6 2),  (6.18)

iy =t =P iRiiCri g =t )  scheme of Fig. 3.6 6).  (6.19)

The temperatures of the inner and outer walls of the pipe in section x are found

from the Newton-Richman equation:

q '.' .
and tCTHap X1 = trl L. axU’ (620)

dH @1 RS

d30B 9x,i,j

tCTBH x,i,j = tH x,i,j

where a1 ji02i j -are the heat transfer coefficients from the inside and outside

of the pipe;
d ;o Ta d gy -are the outer and inner diameters of the pipe;
q x i,j - heat flux density in the intermediate section x .

The expression for the heat flux density q x i, j iS obtained taking into
account the dependencies (2.115), (2.116) and the heat balance equations by

integrating Egs:

B on-x,i,j _ion-x,i,j

Uxij = =2 =
dFi; ~d  dXx | (6.21)

where Q,.x,; j-is the heat flux given or received by the heat carriers and

transferred through the pipe walls in the area from the origin (0) to the coordinate x

a) for the scheme of Fig. 3.6 a:

Guii = i
x,1,] Pi,jRi,j

. ln(l +Ri,j ln(l - Pl,]))x
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X F:_[(l+Ri, i In(1-P; J-))L—1J

- _ HEH E ¢ I'J
X(L+R;jInQ-P;i;)*--e andR;; # 0, (6.22)

b) for the scheme of Fig. 3.6 6:

Qi 1
Ui =~ '”[“ R, L Pi’jRi’j)}x

ij i,j

X
1 L
i 1+R—In(l—Pi’jRi'j) -1

i RI,J[(
1 L i,]
x(1+ . In(1- Pi,jRi,j)J -e

h) and Ri,j # 0, (623)

where q i,j - IS the average density of the heat flux through the pipe wall.

With formulas R;; = 0 (6.22) and (6.23), using excellent limits, we

convert to the following dependence:

X
Guij == A-R )N IN@-P; )

8 (6.24)

At the extreme values of the interval at x = 0 (inlet of the heated coolant)

and x = L (outlet), dependences (6.22) and (6.23) have the following form:

a) for the scheme of Fig. 3.6 a:

9i,j ‘In(1+R;  In(1-P; ;)
R | (6.25)

Qoji,j =— P

Aii,j =Yo,i,j L+ Ri ; In(1- Pi,j))'(l_ Pi,j)- (6.26)
b) for the scheme of Fig. 3.6 6:

q.’.
1 =~ {1
1)

1

i

In(].— Pi,j Ri’j)J’
(6.27)
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1
.[1+ |n(1—Pi,jRi,j))J'(l_Pi,jRi,j)
Aii,j =Yo,i,j i,

. (6.28)
With formulas R; ; = 0 (6.25)-(6.28), using excellent bounds, they take

the form:

qi,j
L. ln( 1-— Pi,j) and qL,i,j = qO,i,j . (1 — Pl,]) (629)

PiiR;;

qo,i,j =

All the parameters obtained can be used to determine the temperatures of
heat carriers and the thermal regime of the walls in any section of the pipe located
in the zone or section of the heat exchanger of the type under study. Examples of the
distribution of thermal characteristics in the shell of the steam cooling of a real heat
exchanger (see Fig. 6.1), the current circuit of which corresponds to Fig. 3.3 are

presented in Figs. 6.2-6.4. The boundary conditions given in Table 6.1 were used

here.
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Fig. 6.1 - Diagram of the three-way steam cooler IIBT-1 of the turbine unit K 500-
240-2 of KhTGZ (see Figs. 1.10 and 2.5 a, one of the two steam flows)

Table 6.1 - Boundary conditions for a three-pass heat exchanger (see Fig. 6.1)

tar, | twe, | tr, | tre, | o, o2, | L, du,|dsH,

°C °C °C °C  |W/mK|{W/mK| m mm| mm

96,21|300,49|425,00(212,69| 13895 | 768 |19,5(3|28| 32 | 20
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CHAPTER 7

PECULIARITIES OF OPERATION AND MAINTENANCE OF STEAM-
WATER HEAT EXCHANGERS OF TES AND NPPS POWER PLANTS

7.1. Factors Determining the Reliability of Operation of Surface Heat

Exchangers for Regeneration Systems of TPP and NPP Turbine Units

The reliability of heaters largely determines the costs of their manufacture
and operation. The heat exchangers of turbine units of TPP and NPP power units are
characterised by a period of (2...3) years, during which structural and technological
defects are identified and eliminated [48]. This is followed by a period of normal
operation and then (after about 5 years) by an increase in malfunctions due to
operational wear, which after 10 years become avalanche-like, requiring
replacement of the pipe system or complete replacement of the devices. Meanwhile,
according to the Polzunov Centre for Chemical Technology, heat exchangers in
turbine plants should last 20-30 years. The nature of the damage is as follows:
erosion wear of the tubes, corrosion wear leading to fistulae, tube breakage near the
tube boards, abrasion in the intermediate partitions, mutual abrasion of the tubes,
etc. VTI conducted a survey of block TPPs based on questionnaires on the damage
to the fuel assembly, their operating conditions, including data on the water-
chemical regime [49]. The data obtained from 30 TPPs on 114 fuel assemblies were
summarised and an attempt was made to identify the impact of operational factors
and design features on damage. The analysis presented in this paper shows that the
damage to the coils of the fuel assembly depends on a large number of factors.
According to [1], the main factors that affect the reliability of the operation of the

water-insulated coil during the operation of a power plant are

a) erosion and corrosion wear (ECW) of the inlet sections of the coils. It is the
result of vortex (detachment) cavitation in the inlet section with the imposition of

general corrosion and erosion wear on both the inside and outside of the pipe;
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b) depressurisation of internal blind partitions (plugs) in the distribution
and collection collectors. Leaks are usually the result of poor welding of the baffle,
which is installed in the wall of the two parts of the collector in the form of a lining
ring and is located in a hard-to-reach area with a high probability of failure and
subsequent water erosion of the welds of the baffle and the collector wall.
Particularly harmful is the effect of a loose partition between the steam condensation
and the steam cooling in single-pass structures, which opens the way for water to

enter besides the steam condensation and steam cooling coils;

¢) destruction of the weld connecting the distribution manifolds to the glass.
This type of failure is a consequence of a poor design of the welding unit. In addition,
the rigid connection of the distribution and collecting collectors in the upper
crosshead at the temperature difference between the walls of these collectors, which
occurs under operating conditions, causes significant thermal stresses in the weld.
At present, these rigid connections have been eliminated in modernised and new

designs of the high-pressure regenerative feed water heaters;

d) destruction of coils in the first pass of the steam cooling zone located under
the steam inlet pipe due to vibrations and coil rubbing against each other under the
impact of steam jets entering the steam cooling. Based on the negative operating
experience, in the future, in the modernised and new designs of the high-pressure

regenerative feed water heaters, an unstressed steam supply is performed,;

e) steam breakthroughs through the SC into a lower pressure heater
(deaerator), or, conversely, condensate flooding of the lower coils of the steam
condensation due to the difficulty of maintaining a normal condensate level of about
50 mm above the SC inlet when supplied from above. Currently, condensate is

supplied to the SC from below, which avoids the above problems;

f) increased steam resistance of the steam generator. The reliability of
operation here is mainly related to the decrease in the saturation temperature in the

control unit due to high pressure losses in the steam cooling. The use of the steam
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cooling zone becomes impractical in this case. The flow of steam or condensate in
the plane of the coil winding has a high resistance due to the many turns and
constrictions (expansions) of the flow. In addition, the flow in the coil winding plane
has low heat transfer efficiency. In modern and upgraded designs of high-pressure
regenerative feed water heaters, cross-flow of coils by steam (condensate) in the
steam cooling and condensate coolers is organised, where the resistance is
significantly reduced and the heat transfer efficiency from the heating medium is

increased.

According to [48], the main factors that determine the reliability of the
operation of the low pressure regenerative feedwater heaters during the operation of

a power plant are

a) erosion-corrosion wear (ECW) of the inlet sections of U- or I1-shaped pipes
near the pipe boards, similar to the spiral coils in the high-pressure regenerative feed

water heaters;

b) abrasion of pipes near intermediate baffles and mutual rubbing of pipes in
large spans and in the area of bends caused by vibration. In modern tubing designs,
designers try to avoid large unsupported spans. Damping belts are used to reduce
vibrations [2]. To ensure unstressed steam supply to the pipe bundle, a steam

deflector is installed at the pipe bundle inlet.

As can be seen from the above analysis, most of the factors that reduce the
reliability of heaters can and have already been eliminated by developing a more
advanced design of components without a significant increase in costs. According
to [48], the malfunctions of the high-pressure regenerative feed water heaters occur
In most cases due to poor manufacturing quality and the ECW of the coil inlet
sections, while the reliability of the tubing is approximately 50% determined by the
ECW of the pipe inlet sections and 50% of the malfunctions are caused by violations

of the operating conditions. Therefore, further considerations will be directed to the
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ECW of the inlet sections of coils and pipes, since this factor of heaters reliability is

the most significant and difficult.

7.2. Erosion and corrosion wear of the inlet sections of coils and tubes of surface
heat exchangers of power plants

The cause of erosion damage to the inlet areas inside the pipes is the
hydromechanical forces arising in the process of vortex (tear-off) cavitation [2]. In
this case, local boiling occurs at the sharp inlet edge or in the immediate vicinity of
it, where the boundary layer is torn off due to high local velocity and large
longitudinal and transverse pressure gradients. As a result, an annular vortex is
formed in the centre of which conditions for the appearance of small cavities arise.
The presence of vortices in the wall region (separation zone) and high turbulence in
the boundary layer contributes to an even higher decrease in local pressure and the
development of the cavitation process. This phenomenon is a complex erosion and
corrosion process. The intensity of this process is determined by the flow rate in the
coils and in the inlet manifold, the temperature of the feed water, the content of
oxygen, free carbon dioxide and other impurities in it, electrical conductivity, pH
value, stress concentration in the metal of the pipe wall, the quality of the coil (pipe)
docking to the manifold or pipe board, etc. [1, 2]. The impact of each of these factors
has not been fully studied, but many researchers believe that this type of wear is
significantly reduced at feedwater velocities inside pipes of less than 2 m/s and
pH=9-9.5 [1].

Erosion and corrosion wear is observed at a distance of 100-120 mm (46 dgn)
from the distributing manifolds or the pipe wrapping in the pipe board [2]. Erosion
and corrosion causes more or less uniform sinking of the pipe wall in this area. The
unevenness and intensity of wear can be increased by loose installation of the coil
or pipe end in the collector socket (pipe board), misalignment of the socket and pipe

bore or skewing. ECW of the inlet sections of coils and pipes eventually leads to
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pipe rupture or fistula formation. According to the requirements [2], the water
velocity in coils and pipes should not exceed 2 m/s. In domestic water transport
pipelines designed before 1972, this speed was 2.5 + 3.2 m/s. A lot of work was done
to modernise the existing high-pressure regenerative feed water heaters, i.e. to
reduce feedwater velocities. The safe feedwater velocities of mass-produced SFASs
are foreseen in advance. At some power units, the condition of the coils during the
opening of the fuel assemblies is monitored by an ultrasonic thickness gauge
‘KBapu-6’, but it has insufficient accuracy in the direction of underestimation of the
thickness [1]. When replacing the end sections of coils and their overall assembly,
there are frequent cases of damage to the sockets in the reservoirs (misalignment of
the hole and the socket in the reservoir, taper of the socket end), which leads to loose
fit of the coil ends, misalignment and distortion, which intensifies their wear. Such
violations also occur during the manufacture of high-pressure regenerative feed
water heaters at the factory. Hydraulic irregularities in the velocity distribution along
individual coils in the zone lead to accelerated wear of those coils where the
velocities are maximum. The average velocity of feedwater in the reservoirs can also

affect the wear of the coils' inlet sections, but this effect is insignificant [1].

The inlet sections are subjected to general corrosion wear from both the outer
and inner sides, which leads to a total sinking of the coil wall of upto 1 + 1.5 mm
for 80 + 90 thousand hours of operation [1]. The reason for this is the lack of
conservation of the fuel assemblies during shutdowns. In the zone of the steam
cooling, in certain modes, partial condensation of steam on the outer wall of the coils
and the transport of droplets by steam may occur. This results in erosion and
corrosion wear of the outer surface of the coils in the form of ulcers on the stretched
and compressed net coils, reaching 15-20 mm across on the surface and gradually
deepening into the metal to the full wall thickness (droplet erosion). Droplet erosion
IS most pronounced near the coil inlet area, which exacerbates ECW, as the
temperature of the coil outer wall is minimal here and, as a result, the probability of

partial steam condensation is maximum. More cases of drop-impact erosion of the
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outer surface of coils are observed in the high-pressure regenerative feed water
heaters of turbine units of NPPs operating on saturated steam. Here, the coils of the
control zone located directly under the condensate baffles in the area of holes in
them for the passage of steam from the area above the baffle to the area below it are
worn out. As a rule, these openings are blocked by coil turns and steam velocities
can be very high. The heating steam here is moist and, in addition, captures
condensate flowing down the baffle and entrains it into this opening. The areas of
the coils directly below the opening are subject to increased droplet erosion. To
prevent this erosion, the opening cross-section of the condensate drainage baffles

should be increased.

Thus, the main areas of research into the ECW of colil inlet sections can be
identified:

a) ECW of the inlet section on the feed water side inside the pipe (coil) at

a distance of 100 -120 mm (d sn) from the wrapping point (most dangerous area);
0) ECW of the inlet section from the outside of the pipe.

In the condensate coolers and steam condensation zones from the outside and
in all heater zones from the inside, the coil (pipe) wall material is subject to ECW in
water during operation. In the steam cooling zone, the wall material is exposed to
steam and water corrosion from overheated steam and droplet erosion on the outside
during operation. The mechanism of corrosion of steel by superheated steam is the
chemical oxidation of iron by steam with the release of hydrogen gas and the
formation of a dense layer of scale. This process affects the metal evenly at high
temperatures (over 400 °C). A graph of mass loss for this process versus temperature
Is given in [39]. This type of wear is rare in high-pressure regenerative feed water
heaters operation, but it can occur in the first high-pressure regenerative feed water
heaters feedwater header, where high-temperature steam is supplied after industrial
superheating. The mechanism of droplet erosion is complex [50]. It is very difficult

to construct experimental mass and depth data for this process. The form of damage
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from droplets hitting the pipe wall is local (ulcerative) in nature. However, from the
thermal-hydraulic calculations of the high-pressure regenerative feed water heaters
system, it is possible to build graphs that can be used to identify those coils that will
be subject to droplet erosion. The first coil to form condensate droplets will be
located near the intersection of the saturation temperature curve for the heating steam
pressure and the graph of the distribution of the minimum temperature of the outer
wall of the coils (pipes). Subsequent coils (pipes) along the path of the heating steam

will be subject to droplet erosion.

In the process of shutdowns of heaters or the power unit as a whole, the
material of pipes (coils) is subjected to standstill corrosion. The mass index of the
rate of parking corrosion can be estimated as 0.05 g/(m 2 - hour) [28]. Parking

corrosion occurs mainly as a result of prolonged shutdowns without conservation.

The depth rate of erosion-corrosion is related to the mass rate by the

following relation:

Kr-=10"° K 8760
Pm , (7.1)
where pum - is the density of the pipe wall material in g/cm 3 of steel 20 — pum
= 7.85 g/cm 3 [28], brass JI -68 - py = 8.6 g/cm 2, brass JIO70 -1 - py = 8.68 g/cm
3 and copper-nickel alloy MHXS5 -1 - py = 8.7 g/cm 3 [51];

K u is the mass index of corrosion rate, g/(m 2 - hour).

There is a great deal of experimental data and theoretical research on the
ECW of steel and other materials in water [39, 49, -59]. All these data refer to certain
narrow experimental conditions and chemical composition of water. Often, these
studies contradict each other, since the corrosion-erosion rate dependence is
multifactorial. Factors affecting metal corrosion in water are divided into external
and internal [56]. External factors include the conditions of the environment in

which the metal is located: the chemical composition of water, the presence of
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suspended solids, temperature, the speed of water movement relative to the metal,
etc. The pH value and the content of dissolved oxygen in water significantly affect
the corrosion intensity (see the dependence from [39, 56] in Fig. 7.1, where curve 1
corresponds to the maximum solubility of oxygen in water at a given temperature,
curve 4 corresponds to the absence of oxygen, and curves 2 and 3 correspond to
intermediate values). Analysis of these curves shows that steel is subject to very

intense corrosion at pH<4. At pH=4 + 8, the corrosion rate is pH dependent.

An increase in the concentration of salts dissolved in drinking water
contributes to the intensification of electrochemical corrosion due to an increase in
the electrical conductivity of water [56]. Free carbon dioxide causes a decrease in
the pH of water. The presence of a significant amount of free carbon dioxide in water
prevents the formation of protective films, which become loose and easily carried
away by the water flow. The active participation of free carbon dioxide in iron
corrosion is a circular process with the release of new amounts of free carbon dioxide
as a result of chemical reactions. Therefore, its presence significantly intensifies the
process of steel corrosion. Hydrogen sulphide, chlorides, hydrosulphites and
sulphates also significantly intensify the corrosion rate. The composition and quality
of feed water and condensate at power plants is regulated by the Technical Operation
Rules for Power Plants and Networks (PTE). There are several types of water and
chemical regimes at power plants. While the peculiarity of the hydrazine-ammonia
water regime (HAW) is the suppression of corrosive aggressiveness of water
towards structural materials during the operation of power units by increasing the
pH of water and almost complete removal and binding of dissolved oxygen, the
effectiveness of the neutral-oxide regime (NOR) is based on inhibition of metal
corrosion by limiting the access of corrosive agents to the surface by creating a
protective film on it [28]. The quality standards for nutrient water in the NOCR differ
from the HAR in the absence of additives that correct the pH and oxygen
concentration. The dosage of the latter in the amount of -50200 pg/kg ensures the

creation of protective films on the surfaces of the condensate-feeding tract at
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temperatures above 80 °C. A prerequisite for the use of NPC is deep desalination of
condensate and feed water; the electrical conductivity of water should not exceed
0.15 + 0.25 p cm/cm to avoid intensification of pitting corrosion of carbon and low-

alloy steels, as well as corrosion cracking of austenitic steels.
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Fig. 7.1 - Dependence of steel corrosion rate in water on pH in the presence of

oxygen

The pH value should be maintained at a level close to the neutral point, for
which in some cases it is practiced to add small amounts of ammonia to the feed
water, which provides a pH value of up to 7.8. The neutral-oxide regime can be used
on those units where stainless or carbon steels are used in the tubular system + of
the tubular system instead of copper-containing alloys. An additional condition for
using this mode is thorough purification of the make-up and feed water from organic
Impurities, the thermolysis of which can lead to a dangerous decrease in the pH of
the medium and an increase in the specific electrical conductivity. Feedwater quality
standards for supercritical pressure boilers (SCB) are regulated not only by PTE but
also by PTM 108.030.12-82. At TPPs with CKJI boilers, it is allowed to use GAR

or combined oxidation mode (COM). The latter differs from the neutral-oxidising
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mode by dosing ammonia in an amount that ensures the maintenance of the pH of
the medium at the level of 7.58. The areas of predominant application of the BCR
are power units with a capacity of 250 and 300 MW. It should be noted that, as
follows from the analysis conducted in [49, 60], the quality of feedwater and
condensate from power plants often deviates from the standards regulated by the
PTE and other documents. The pH value in the condensate-feedwater path lies in the
range of 5 =+ 9,5 (see the results of the study [60] in Fig. 7.2). For the heating steam,
it will be close to the pH of the feedwater. Experimental dependences of the steel
corrosion rate on the concentration of dissolved oxygen are reported in [39, 52].
These dependences are close to linear. Therefore, at intermediate oxygen
concentrations in the range of pH=5 +8, the corrosion rate is directly proportional to
the oxygen concentration. The proportionality coefficient y; at temperature t will be

the ratio of the true oxygen concentration x  to the limiting one X mp+:

iy (7.2)
The solubility of oxygen in water is governed by the well-known Henry's law:
p=E-X, (7.3)

where p - is the partial pressure of oxygen above the liquid;

E - is Henry's coefficient, the unit of which corresponds to the unit of

pressure;
X -is the molar concentration of dissolved oxygen in water.

In dilute solutions, the Henry's coefficient depends only on temperature. The

graph of this dependence [52] is shown in Fig. 7.3.

The known value of the corrosion rate at temperature t ¢ can be taken as a
starting point. Then the dependence of the steel corrosion rate at temperature t,

taking into account Fig. 7.1 and Henry's law (7.3), the conditions of equality of true
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concentrations and partial pressures of oxygen at temperatures t and t o and formula

(7.2) can be given as follows:

El
by, (7.4)
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Fig. 7.2 - pH values along the length of the condensate-feed path depending on the
concentrations of ammonia and carbon dioxide.

1 — ammonia concentration - 1530 pg/I;

2 —ammonia concentration — 510 pg/l;

3 —ammonia concentration — 340 pg/l;

4 —ammonia concentration — 170 pg/l;

5 — clean water;

6 — carbon dioxide solution — 88 pg/1
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where go- is a correction factor for the maximum corrosion rate, depending
on the concentration of dissolved oxygen and other factors at an initial temperature

t o, which can be determined by experience or expert opinion;

K rp - corrosion rate at the maximum oxygen concentration (curve 1 in
Fig. 7.1);

E«, Eo - Henry's coefficients at a given temperature t and initial t o .

Studies on the effect of temperature on erosion-corrosion of unalloyed steels
are presented in [49, 57]. It is stated here that the peak of erosion-corrosion is
observed at a temperature of 160 -180 °C, i.e., under the conditions of operation of
the BF-1 (the first after the deaerator). With increasing temperature, the erosion-
corrosion rate decreases. The decrease in the erosion-corrosion rate with increasing
temperature is explained by the intensification of the formation of protective films.
It is advisable to take the feed water temperature in the deaerator (164.2 °C) as the
zero reference temperature, since it is constant in all operating modes of the turbine
unit. The analysis of dependence (7.4) shows that as the feedwater temperature
increases relative to the deaerator temperature, the corrosion rate should also

decrease, since the Henry's coefficient E  decreases with increasing temperature.
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Therefore, if the ammonia and carbon dioxide content of the water is known,
it is possible to use Fig. 7.2 to determine the pH value. The pH value is used to
determine the maximum corrosion rate K p according to Fig. 7.1 (line 1). Then,
based on the known oxygen content and taking into account other factors, the
correction factor g is set at the initial temperature t o . Depending on Fig. 7.3, the
Henry's coefficients for the solubility of oxygen at the initial and true water
temperatures E gand E ; are calculated. The calculated values are used to determine

the corrosion rate of steel (formula (7.4)).

The main difficulty in calculating the corrosion rate according to the above
algorithm is the determination of the expert proportionality coefficient g . The
corrosion rate dependence (Fig. 7.1) is constructed without taking into account the
erosion component. As mentioned above, outside the inlet areas (where the erosion
component can be neglected), the total depth corrosion rate on the inside and outside
of the coils is 11.5 =mm for 8090 +thousand. h of operation. If we choose the
maximum of these values, taking into account formula (7.1), the mass corrosion rate

K on one side of the pipe will be equal to 0.0736 g/(m 2 -hour).

For example, the value of the maximum corrosion rate Ko at a concentration
of ammonia in the feed water of 510 pg/l and carbon dioxide of 88 ug/l (lower line
2 in Fig. 7.2) and a temperature 164,2 C ° will be 0.405 g/(m 2 -hour). Based on

these initial data, the value of the correction factor g9 can be taken as 0.182.

The study of the corrosion-erosion rate of brass pipes and pipes made of
copper-nickel alloy MHJK5 -1 used in capacitors and tubing. The average service
life of a smooth pipe made of JI-68 brass is 7-10 years. The paper presents the results
of laboratory and semi-industrial tests for smooth and shaped tubes under conditions
as close to realistic as possible. Water was circulated through the 19 x 1 mm test
pipes at a speed of 1 m/s and a temperature of 50 °C. The results of the steady-state

corrosion rate of smooth pipes [58, 59] are given in Table 7.1.
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Table 7.1 - Steady-state corrosion rate of copper-containing pipe materials at a water

velocity of 1 m/s, g/(m 2 -h)

Material of pipes
brass JI-68 brass JIO70-1 alloy MHXK5-1
0,11 0,0565 0,0343

Paper [54] investigates the corrosion of stainless steel. According to the results
of the analysis, stainless steels have high corrosion resistance under conditions of
heat transfer up to 2200 kcal/(cm 2-h) in waters with a specific electrical conductivity
0f 0.125 +1 p cm/cm. However, the presence of chlorine ions C; ~ - (deterioration of
feed water and condensate quality) leads to a sharp increase in corrosion cracking of

austenitic stainless steels.

Fig. 7.4 shows the dependence of the results of semi-industrial bench tests
from [58] on the erosion-corrosion rate of a pipe sample with an internal diameter

of 33 mm made of brass JIAMu 77-2-0.05 on the water flow rate in the pipe.

It follows from the dependences that at a flow rate of up to 1 m/s, the erosion-
corrosion rate is directly proportional to the flow rate, then at a flow rate of 1 m/s to
2 m/s, the erosion-corrosion rate increases slightly, with an increase in the flow rate
to 3 m/s, it doubles compared to 2 m/s and then practically stabilises. The described
features of the behaviour of the erosion-corrosion rate are typical for both brass pipes
and carbon steel pipes [1, 55, 56]. The initial increase in the corrosion rate is
associated with an increase in the flow of oxygen to the metal, which increases the
depolarisation of the cathodic areas of corroded elements [56]. A further increase in
water velocity reduces the intensity of the corrosion rate due to passivation of the
metal and the formation of strong oxide protective films under the energetic influx
of oxygen. A significant increase in the corrosion rate with a further increase in water
velocity is due to the partial or complete destruction of protective films (including

the erosion component)
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Fig. 7.4 - Effect of water velocity on the rate of erosion-corrosion of brass JIAMiu
77-2-0.05.

Thus, the effect of water flow rate on metal erosion-corrosion is explained by
the hydrodynamics of the flow and the corrosion properties of the metal itself. For
other grades of brass and carbon steel materials, it is proposed to take into account
the effect of water flow rate using a dimensionless correction factor ey :

_ Ky

Ew =
KWO

, (7.5)
where K wand Ky, -is the corrosion rate of the sample of JIAMm 77 material

-20.05 (Fig. 7.4) at the studied water flow rate W and water flow rate W ¢ in
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laboratory and other tests of samples of the studied materials from other grades of

brass or carbon steel.

The nature of the resulting dependence of the ECW rate of brass and steel 20
Is shown in Fig. 7.5. For steel, the type of dependence on temperature is similar to
that given in [49, 57] in the range of the studied temperatures of the high-pressure

regenerative feed water heaters feedwater.

To analyse the erosion and corrosion wear of the tubes of the heating surfaces of the
heaters, the water-chemical regime established for the power unit is taken as the
initial data, where the concentrations of impurities in the feed water (ammonia,
oxygen, carbon dioxide, etc.) should be set. In accordance with the methods and
algorithms for determining thermal and hydraulic characteristics, the required
parameters of the coolants in all pipes of heating surfaces (temperature, pressure,
feedwater and steam or condensate velocity) are considered during the warranty
period to calculate the corrosion-erosion rate of their walls. Calculation of feed water
or main condensate temperatures, outer and inner pipe walls, heat flux density at the
distance of the inlet section in the most dangerous place is described in Section 6. In
low pressure regenerative feed water heaters, the most dangerous distance of the
inlet section is assumed to be 100 mm. In high-pressure regenerative feed water
heaters, this distance is assumed to be equal to the thickness of the pipe board (the
most dangerous place where stress concentrators are concentrated). For the outer
surface of pipes of the steam condensation and condensate coolers zones made of 20
steel, the mass corrosion index K is calculated according to formula (7.4), for copper-

containing alloys - according to Table 7.1.
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Fig. 7.5 - Resulting depth-based ECR rates

For the inner surface of the pipes, the mass index of the erosion-corrosion rate
K is calculated by formula (7.4) or Table 7.1, corrected for the flow rate according
to formula (7.5). The velocity W ( for steel 20 is assumed to be zero, and for alloys
containing copper, it is equal to 1 m/s. There is no mass index of corrosion rate
during operation for the outer surface of the steam cooling pipes, except for coils
and pipes subject to droplet erosion or high-temperature steam exposure to steel. It
Is assumed that as a result of droplet erosion, pipe surface areas are subsequently
subjected to corrosion, the rate of which is calculated using formula (7.4). The mass
index of the corrosion rate on the inside and outside, in accordance with dependence
(7.1), is considered to be the depth index. It should be noted that this algorithm does

not yet take into account the parking time. The calculation of the corrosion rate in a
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calendar period should be based on the weighted average of the operating time in
each mode and the idle time. According to these data, the load factor of one of the
300 MW power units (see Table 7.2) is 84% of the rated capacity. The share of idle
time is 25%. The number of hours of installed capacity utilisation is 5520 hours.
With this load distribution, taking into account the statistical data from [1] on
electricity generation in the power system, it is possible to accept the load

distribution under guarantee modes for this power unit (see Table 7.3).

Table 7.2 - Load schedule for a 300 MW power unit

Months
Workload

01(02|03|04|05|06|07|{08|09] 10|11 |12

Number of hours |744|551(440|719|654(720|744/169| 0 | 364 |720|744

% of num. 88,3/82,7|85,3|77,2/ 88 |83 | 86 | 79 | 0 [82,7|88,1| 80

Table 7.3 - Time distribution by warranty modes of the turbine unit

Workload Guarantee modes
% of num. 100 | 85,2 | 64,7 | 52,1 | 49 | 42,7
% of hours 40 | 32 18 5 4 1
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CHAPTER 8

ESTIMATION OF THE SERVICE LIFE OF SURFACE HEAT
EXCHANGERS OF TES AND NPP POWER PLANTS

It follows from the discussion in Section 7 that the reliability and
serviceability of surface heat exchangers of regenerative schemes of TPPs and NPPs
Is largely determined by the intensity of erosion and corrosion damage to the inlet

sections of the heating surface pipes.

To simplify the estimated calculations of the time of destruction of a coil
or pipe subjected to erosion and corrosion wear (ECW), it is assumed that erosion and
corrosion damage is uniform in the inlet section, both from the outside and inside,
local stress concentrators, temperature deformations. Internal and external pressure is
taken as an influence. The inlet section of the coil (pipe) is a long thick-walled
cylinder. It is assumed that the destruction of the coil wall should be expected after
the transition of the entire wall thickness to the plastic region due to its sinking during
operation. Then, under the influence of pressure, the pipe wall in the inlet section
bulges, which leads to an increase in stress and rupture. Under these assumptions,
only the estimated service life of a particular coil or pipe can be obtained. The
estimated service life of coils and pipes can show the general trend and the locations

of the most likely damage.

An approximate solution to the problem of the elastic-plastic state of a thick-
walled cylinder under pressure is presented in [61]. The stresses in a long elastic
cylinder under internal P 5 and external P p, pressures are determined by the following

formulae of the theory of elasticity [62]:

_ Pya® —Bb* (P, —Pya’b?
b*—a® (b -a®)? 8.1)

Gy

 P,a’ - pyb? . (P, —P,)a’b?

Go
e (e 6.2)



o :;(crme):

z

Paaz _Pbb2
b —a* (8.3)

where oy i cez o_ are normal stresses in the radial, tangential and axial

directions;
a, b and r are the inner, outer and intermediate radii of the pipe.

The plastic state is determined according to the Mises-Genki condition:

(Gr — Oy )2 +(69 —0; )2 + (GZ —0, )2 = 2GTZ (8.4)

where o is the yield strength of the pipe wall material.

From this, taking into account formulas (8.1)-(8.3), the plasticity condition

IS obtained:

(for the inner surface), (8.6)

The stresses in the plastic zone are determined by the equilibrium condition:

do, o©.—-0o
rgor 9:0

dr r ’ (8.7)

and the Mises-Hankey plasticity condition (8.4).

For the case of a thick-walled cylinder, the equilibrium condition will take

the form:

rdGr
dr -3 (8.8)

3 26,
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The solution of the system of equations (8.1), (8.8) and (8.5) if the plastic
zone is formed from the inner to the outer surface at the outer radius r=b or (8.6) if
the plastic zone is formed from the outer to the inner surface at the inner radius r=a

will be the same:

P,—R, = 2°T|pP
V3 a, (8.9)

Equation (8.9) was obtained at constant wall temperature, hence the yield
strength along the cylinder radius. To simplify further calculations in pipes with
heating surfaces, we can assume a linear dependence of the wall temperature increase
from the inner surface t cra to the outer surface t ¢t and a linear dependence of the
yield strength ot in the area fromt cra tot crp:

r—a

GT(”):GTa"‘(GTb_GTa)E (8.10)

where o1, and orp are the yield strengths at temperatures t craitcro.

As a result of integrating equation (8.8) with regard to dependence (8.10),
formulas (8.5), (8.6), and (8.9), respectively, take the form:

P,—P, = G% [1—(2‘

J)
(for the inner surface), (8.11)

(for the inner surface), (8.12)

b
2|°Ta; "%
Pa—Pb—ﬁ ;‘_1 In=—-(o1, — 1)
a : (8.13)

In the case of sinking of the pipe wall, the value «can be given in the form:

é_ dH—2ZH

a a dBH +2ZBH ’ (814)
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where d pta d gy are the nominal outer and inner diameters of the pipe, mm;

zpyand z gg— - absolute value of wall sinking as a result of ECW on the outer

and inner sides, mm.
The absolute values of the pipe wall thinning can be expressed as follows:

Kyt Kgy 1

178760 end P T 8760 | (8.15)

where K yand K gy are the depth indicators of the erosion-corrosion rate on the

outer and inner sides of the pipe wall in the inlet section, mm/year;
T - IS the operating time of the coil (pipe), including stops, h.

The solution of equations (8.11) or (8.12) and (8.13), taking into account
dependencies (8.14), (8.15) gives the time of the beginning of the formation of the
plastic deformation zone t; (8.11) or (8.12) and its completion T2 (8.13). In this case,
the smaller of the calculated dependencies (8.11) and (8.12), the value of 11, will
determine on which of the surfaces - internal (8.11) or external (8.12) - the plastic

zone begins to form.

The yield strength of soft brasses used to make pipes for heating surfaces of
heat exchange equipment is o= 98 MPa for JI-68 brass and o = 159 MPa for JIO70-
1 brass [51]. For steel 20, the yield strength or in the range of the high-pressure
regenerative feed water heaters operation parameters significantly depends on the
temperature (see Fig. 8.1 [21]), and with its increase, it decreases almost linearly.
Taking this into account, for pipes with heating surfaces where the temperature of the
outer wall is higher than the inner wall, the value of time 7, calculated by Equation
(8.13) will be less than that calculated by Equation (8.9), where the wall temperature
Is constant. Thus, pipes with heating surfaces will deteriorate faster than pipes with a
constant wall temperature. In addition, when determining t1, its value calculated by
formula (8.11) is in all cases less than that calculated by (8.12). This indicates the

beginning of the plastic zone growth in the pipes of surface heaters mainly from the
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inside. Calculation of the estimated service life of coils taking into account the
operation of the power unit turbine unit is based on the calculation of the time of the
beginning of the formation of the plastic deformation zone 11! and its completion 1

il for each warranty mode j for a particular coil i using formulas (8.11)-(8.15).
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Fig.
8.1 - Dependence of yield strength of steel 20 on temperature

From the obtained values t1i/and t2;! for coil i, the minimum values are
selected, which indicate at which warranty mode of operation of power unit j the coil
destruction should be expected and after a certain assessment period. The initial data
are the values of pressures and temperatures on the inner and outer sides of the pipe
walls in the inlet section (Chapters 5 and 6) from the calculations of the high-pressure
regenerative feed water heaters or regenerative low-pressure feed water heaters
system at the warranty conditions and the depth erosion-corrosion rates taking into
account the power unit load (Chapter 7). It is obvious that the most stressful operating
mode for coils and tubes of heaters is the maximum or installed power mode (100%).
However, as can be seen from the graphs of the estimated service life of coils and

tubes of the K 300-240 KhTGZ turbine unit (see Fig. 8.28.5), the erosion-corrosion
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indicators of which correspond to Fig. 7.67.10, in some modes of operation of the HF
for the coils of the steam cooling the most stressful is the maximum mode with the
steam cooling disconnected. Here, the high temperature of the coil walls in the coolant
when it is disconnected from the feed water (no cooling and heating with high-

temperature steam) affects the yield strength reduction.
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Fig. 8.2 - Time of the beginning of the formation of the plastic deformation region
(lower curve) and the transition of the entire wall thickness to the plastic deformation
region (upper curve) of the inlet sections of the coils of the IIBT(IIBJI) turbine unit
up to 300-240 KhTGZ
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(numbering of coils in the course of the heating steam (condensate) flow. The

rectangle circles the coils subject to droplet erosion
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Fig. 8.4 - Boundary wall sinking of the inlet sections of coils (transition of the entire
thickness to the region of plastic deformation) of the IIBT of turbine unit K 300-240
KhTGZ

(numbering of coils in the course of heating steam (condensate) flow, top line - outer
wall, bottom line - inner wall, the plotting area along the ordinate axis corresponds to

the initial thickness)
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bottom point - inner wall, the plotting area along the ordinate axis corresponds to the

initial thickness)

The most accelerated erosion and corrosion wear (ECW) of coils is observed

in the UC TIBT-1 (see Fig. 8.2), where the temperature of feed water (condensate),
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both on the outside and inside, is in the region of maximum ECW (160-180 °C). The
feedwater velocity here is about 2 m/s or more, which contributes to an increase in
the erosion-corrosion rate. The first (along the distributing collector) coils of the
condensate coolers in all the high-pressure regenerative feed water heaters are most
rapidly subjected to ECW. The acceleration of wear is imposed by the condition of
maximum feedwater pressure and minimum condensate pressure in this zone. Wear
of the steam cooling coils subjected to droplet erosion is at the level of the SC caoils,
and may be higher. The service life of the coils in a separate heater increases from the
first condensate cooling coil to the steam cooling coils that are not subject to droplet
erosion, and increases from IIBT-1 to [IBT-3. The intensity of ECW is also affected
by the uneven distribution of feedwater velocities in the coils. In the steam cooling of
all the high-pressure regenerative feed water heaters, except for IIBT-3 of turbine unit
K 300-240 KhTGZ, coils subject to droplet erosion are observed (see Figs. 7.6, 7.7,
8.2, 8.4). This indicates an imperfect design of the steam coolers in these heaters. In
order to avoid droplet erosion in the ECW, it is necessary to reduce the heat transfer
area in them by reducing the length of the coils while maintaining their number so as
not to increase the ECW on the inside. The most dangerous zone in low pressure
regenerative feedwater heaters is manifested in the pipes of the ITHT-6 pipeline (see
Figs. 7.9, 7.10, 8.3, 8.5), where the feedwater velocities are maximum. ITHT-1 pipes
can also be dangerous. Although the corrosion-erosion rates are low, the steam
velocities are high, which significantly increases the vibration component of wear. It
IS better to use JIO70-1 brass, MHX5-1 alloy, or stainless steels with increased

corrosion resistance for tubing.

Paper [49] presents the results of the analysis of the ECW of coils of block
TPPs conducted by VTI in 1988-1989 on the basis of questionnaires on damage to
the low pressure regenerative feed water heaters, operating conditions, and water-
chemical regime. The data obtained from 30 TPPs with 300 MW power units and 114
fuel assemblies [49] are shown in the diagram of coil damage (Fig. 8.6). Comparison

of the data on the estimated life of coils (Fig. 8.2) and damage data (Fig. 8.6) shows
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that the calculated data are close to the operational (experimental) values. The general
trend of the calculated and experimental data corresponds to each other. The fastest
deterioration is observed for coils TIBT-1 and/or TIBT-2, while coils IIBT-3 are less
susceptible to wear. As is evident from the operational data in Fig. 8.6, the intensity
of wear is significantly affected by the quality of feed water and turbine condensate.
The greatest intensity of destruction of the coils of the TIBT (1 or 2) is determined by
operational characteristics, especially the power unit load schedules. When the load
decreases, the wear intensity of the IIBT-1 coils decreases, and vice versa, the wear
intensity of the TIBT-2 coils increases. The picture is different for Karmanivska TPP.
Here, the first place in terms of destruction is occupied by coils of TIBT2, and the
least destruction is experienced by coils of [IBT1. This can be explained by a possible
difference in the design, manufacturing quality and operating characteristics of the

OHVs at this plant from the others shown in Fig. 8.6.

The analysis of the research results (see Figs. 8.2, 8.3) shows that plastic
deformations fill the walls of the high-pressure regenerative feed water heaters coils
most susceptible to ECW in 70-130 thousand hours (8-15 years), and brass tubing of
the high-pressure regenerative feed water heaters coils in 55 105 thousand hours (6-
12 years). This determines the safe service life of the heaters: about 8 years for IIBT-
1, 15 years for IIBT-3, 6 years for brass tubing (JI-68) and 12 years for brass tubing
(JIO70-1). Further accumulation of plastic deformations leads to the formation of
cracks (fistulas) in the pipes and failure of the heat exchanger. It is very difficult to

determine how long this additional time will be.

The production of a safe service life and its possible reserves can be shown
by measuring the wall thicknesses of the pipes subjected to ECW, for example, by
ultrasonic method during scheduled or any other long equipment shutdowns.
Knowing the measured values, annual wear depths and thicknesses determined by the

safe life, it is easy to determine the life reserves in the watch tp using the formula:

61/13 np
Ty =8760-

, (8.16)
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Reftinskaya SDPP: yns= 0.15 (0.19), xrx = 0.3 (0.4; Trypillia DRES: yns. =0.2

(0.3), xtx =0.4 (0.5); Iriklinskaya DRES: yns.= 0.2, ytx = 0.3 (0.5); Karmanivska
DRES:

AILB. =0.17 (022), ATK. =0.35 (05)

ys. and yrx - average electrical conductivity of feedwater and turbine condensate,

uS/cm; maximum values in brackets

320 -

Fal
300 4 A
280 - A
- 260 - Fiy
3
c 240 1 Q w2
@
¥ 220 - ©NBA 1 (OB HATKK) A X
k= 200 4 ANBA 2 (OBi HUTKHN) x
H xMNBA 3 (ABi HUTKK) o AT
o 180 ) & 9 I
X =
2 160
§ 3
S 140 - 3¢
5 A I !0 Fal l
o
c 120 1 [l YN T
o X 5
§ 100
=
80 - A xix X ?
®
60 - 1 x
40 -
20 - 6 2 ég b X 1} L}
o e RROY XA LAY [ il il KT 1 L I
120 125 140 145 150 135 140 120 130 117,5 120 124
T™C. T
PedTHHCBKA Tpuninbckba IpKNUHCBKA KapMaHoBCbKa
APEC APEC APEC APEC

Fig. 8.6 - Number of damages of the I1BT coils (two-strand) for a number of 300 MW
TPPs (data for 114 heaters)

where 93 - is the measured wall thickness of the coil or pipe during equipment

shutdown, mm:;

dmp - 1S the maximum permissible wall thickness determined by the safe service
life, mm; 8pp=0,5-(d y- d gu) -(Z u+ Z BH);
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K - is the total depth index of annual wear, mm/year, K=K g+ K gy.

The above data of the calculation studies are in satisfactory agreement with
the VTI data on failures of fuel assemblies of 300 MW power units [49], shown in
Fig. 8.6 (failures after 100-150 thousand hours), and high-pressure regenerative feed
water heaters with brass pipes, systematised by the UTI [48, 58, 59] (failures after 7-
10 vyears). Comparison of these data shows that failures occurred in the
aforementioned additional period of time, when the accumulation of plastic
deformations exceeded the permissible limit (defined by the safe service life) and led

to the formation of cracks (fistulas).

The calculation studies also revealed the lower limit (safe life) of the
operation of ITHT-1 and 2 (7090 thousand hours, 8-10 years), after which, according
to [48], an avalanche-like failure of heat exchangers often begins. Thus, the
assessment of the service life according to simple dependencies (8.11) (8.15) gives

acceptable reliable results.

A more thorough approach to determining the service life and assessing the
reliability of the apparatus as a whole requires a detailed solution of two-dimensional
axisymmetric (or even three-dimensional) problems of the stress-strain elastic-plastic
state in the studied assembly, the geometry of which is constantly changing in time
under the influence of ECW. Here, the locality of the process (the finite length of wall
scour) must be taken into account. All loads should be applied as boundary conditions:
power (pressure, etc.), vibration, cavitation, etc., taking into account their
concentration (including stress concentration), and the determination of vibration,
cavitation, etc. is a very difficult task in itself. It is possible to take them into account
in the form of influence coefficients (coefficients of vibration and cavitation loads,
stress concentration, etc.) when solving the task only with the addition of well-known

power loads (pressure loads, etc.).

When determining the service life of the entire apparatus, it is necessary to

take into account that with an increase in the number of openings and the number of
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replacements of the same coils, the sockets in the collectors and tube boards are

destroyed, which makes the entire heater unserviceable.

The presented methodology makes a certain contribution to solving such
problems by providing in-depth information on the geometry of the area under study
and the parameters of the processes taking place here (thermal-hydraulic, corrosion-
erosion, etc.), without which a reliable solution is not possible at all. In the end, the

above simplified methodology for life assessment allows:

- Identify coils and pipes that are most intensively exposed to erosion and
corrosion wear and estimate the service life of each coil. Strength calculations with

vibration analysis can be used here;

- develop recommendations on the timing of current and overhaul repairs of
heaters or their complete replacement and the optimal sequence of personnel actions

during repairs;

- make recommendations for improving the design of heaters. The optimal
design is one where all coils have the same service life. This reduces the number of

forced shutdowns;

- Estimate the service life of the entire heater.
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