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Summary

Internal leakages of high pressure and temperature steam valves have been identified as a
potential contributor to a loss in power generating plant efficiency. These losses are often
neglected due to it being difficult to detect problematic valves and quantify the internal
leakages through them. A non-intrusive NDT technique that detects and quantifies internal
leakages through valves will be a very favourable tool to any power generating plant as it
will allow for the early detection of internal leakages and could possibly provide
considerable financial savings.

This research evaluates different monitoring techniques suitable for detecting and
quantifying internal leakages through valves and selects a technique that is most suitable for
application in a power generating plant environment.

The proposed technique utilises infra-red thermography to calculate pipe surface
temperatures on a length of un-insulated pipe located downstream of a valve that is leaking
internally. As the leakage steam flows through the length of un-insulated pipe, it will lose a
portion of its heat energy through the pipe wall to the surrounding environment. This will
result in a drop in temperature of the steam from the upstream to downstream points of
the un-insulated length of pipe. By calculating the heat loss and the drop in temperature of
the leakage steam, a mass flow rate of the leakage steam can be determined.

A mathematical model was derived which with inputs of upstream and downstream pipe
surface temperatures of the un-insulated pipe, pipe properties and ambient air conditions,
calculates the heat loss, the temperature drop and the resulting mass flow rate of the
leakage flow through the valve.

A detailed experimental study was conducted to validate the proposed technique in
determining internal leakages thought steam valves. Steam generated from a mini steam
generating plant was allowed to flow through an experimental test rig, which contained a
length of un-insulated pipe, at different flow rates. Pipe surface temperature measurements
of the un-insulated pipe were made using an infrared thermal camera and a mass flow rate
of the steam was calculated using the derived mathematical model. In all experiments, the
mass flow rate calculated using the mathematical model was compared to a mass flow rate
acquired from a flow measuring device installed in-line with the experimental test rig.

The results indicate that an increase in mass flow rate causes an increase in pipe surface
temperatures of the un-insulated pipe which translates to an increase in heat loss of the



leakage steam through the length of un-insulated pipe. The mass flow rate calculated using
the proposed technique closely approximates the mass flow rate acquired from the flow
measuring device. This indicates that the proposed technique, using infrared thermography,
is capable of detecting and quantifying possible internal valve leakages encountered in
online operation.

Onsite tests were performed using the proposed technique on two different boiler drain
valves at Majuba Power Station. It was found that one of the valves was internally leaking
steam to the atmosphere at a rate of 0.039 kg/s whilst the other valve was sealing correctly.
A comprehensive financial impact study was conducted, and it was found that this leakage
steam will result in a total loss of R 730 108 per annum if the leak is left unattended. This is
the loss for a single valve that has a relatively small leak. The financial loss for a combination
of all valves that are internally leaking in a power plant could be substantial and can clearly
justify plant personnel in utilising the proposed technique to identify problematic valves.

With its portability, non-intrusiveness and ease of use the proposed technique provides a
cost effective means to determine internal leakages through power plant valves.
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1. Introduction

1.1 Power generation in South Africa

Eskom is a South African public utility and the largest electricity generating utility in Africa. It
currently generates approximately 95% of the electricity used in South Africa and
approximately 45% of the electricity used in Africa. Eskom has 23 power generating plants and
is currently capable of generating a net maximum capacity of 44 084 MW of electricity. The
generation of electricity is mainly from coal-fired power plants due to the rich coal deposits
concentrated in the north east of the country.

Towards the end of 2007, South Africa experienced widespread rolling blackouts as supply fell
behind demand, threatening to destabilise the national grid. This had a severe impact on the
economy of the country as mines were first shut down and subsequently restricted in their
electricity use and retailers reported large losses due to spoiled frozen and chilled foods. The
country’s economic growth slowed down substantially and estimates on the direct cost of the
blackouts were calculated to be in the region of R 50 billion during the period November 2007
to January 2008. The economy slowed down to 4.0 % in the first quarter of 2008 from 5.8 % for
the same period in 2007 mainly as a result of the mining industry which contracted by 22.1 % in
the first quarter of 2008. This also had a severe impact on the investor confidence in the
country since the Johannesburg Stock Exchange, dominated by large mining companies, and
the South African currency depreciated significantly in 2008 due to the energy crisis.

The energy crisis had a severe impact on small and medium enterprises (SMEs) in South Africa.
Unlike larger businesses, SMEs generally lack the resources necessary to invest in alternate
sources of energy and are completely reliant on Eskom for their energy requirements making
them extremely vulnerable to an unstable energy environment. There were various reports
covering the extent of damage to SMEs, examples of this include damaged equipment,
perishables damaged in refrigerators, loss of clients due to failure to meet deadlines and loss of
trade or productivity due to carrying the cost of overheads while not trading.

The impact of the energy crisis extends well beyond South Africa’s borders. Eskom supplies
electricity to the Southern Africa Power Pool (SAPP), which was established to create a regional
market in 11 Southern African countries. As the power crisis unfolded in South Africa, countries
that were supplied by Eskom were also confronted with blackouts since the pool could not
absorb the capacity shortfall of South Africa.



A number of problems combined to cause the South African power crisis. The most significant
being the insufficient generation capacity available. A clear indication of this can be seen from
analysing the country’s reserve margin, the gap between maximum generating capacity and the
peak electricity demand, which fell from 15% in 2001 to a mere 7% in 2008. Internationally, a
reserve margin of 20% is seen as adequate to cater comfortably for planned maintenance and
breakdowns. This decrease in reserve margin was as a result of higher than expected economic
development in the country which created a growing demand for electricity.

To increase the reserve margin back to acceptable levels, more generation capacity needed to
be added to the national grid, which meant that more power plants needed to be constructed.
The construction of power plants is a lengthy process which takes many years to complete.
Thus, to mitigate the power crisis, Eskom and other role players embarked upon many short to
medium type initiatives to stabilise the national grid.

One of the key initiatives embarked upon by Eskom was a fleet wide energy efficiency drive.
This entailed a comprehensive analysis of all power plants to determine system inefficiencies
which result in power plants operating inefficiently and power plants not being able to
generate maximum capacity when required. Identifying and rectifying inefficiencies of existing
power plants was identified as a cost effective and fast way to increase production capacity and
save money which could be reinvested into Eskom’s new capital expansion projects.

1.2 Coal-fired power plants

The generation of electricity from coal-fired power stations accounts for 88 % of the total
generating capacity of the country. The balance is generated from nuclear, hydroelectric,
pumped storage and open cycle gas turbine power plants.

Fundamentally a coal-fired power plant converts the chemical energy contained in coal to heat
energy, converts the heat energy into mechanical energy and uses the mechanical energy to
rotate a generator to produce electrical energy. The fundamental operating cycle of a coal-fired
power plant is the Rankine cycle and is shown in figure 1 below.
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LP turbine. The steam from the LP turbine is then expanded into the condenser, were it is
condensed and returned to the boiler via LP heaters and HP heaters. The heaters preheat the
feedwater, before entering the boiler, with steam tapped off from the turbines.

Many valves, serving different purposes, are installed on the water-steam cycle. Feed
regulating valves are installed after the boiler feed pumps and control the amount of feed
water that is pumped into the boiler. Pressure relief valves are installed on various components
to protect them against over pressurisation. Vent valves are installed on components to
remove air ingress into the system and drain valves are installed to facilitate the draining of
components in shut down and emergency conditions.

Drain valves are installed on drain lines which are tapped off from the lowest location on a
component. This facilitates quick draining of components if needed. Primarily, components are
drained to a sink, maintained at much lower pressures, to remove any condensation formed in
components during start-up conditions and to preserve component pipework in shutdown
conditions. Standing water in components during shutdown conditions can cause severe
corrosion which compromises the integrity of components. Under normal operating conditions
drain valves are maintained in the fully closed position and are meant to completely isolate
(shut-off) flow preventing high pressure and temperature steam from escaping to the lower
pressure sink.

1.3 Problem due to internally leaking valves

Drain valves have been identified as a potential contributor to an energy loss on a power plant
due to valves leaking fluid internally when they are meant to completely isolate (shut-off) the
fluid under normal operating conditions as explained above. Due to high pressure steam being
isolated by the drain valves, a small leak path generated between the valve mating surfaces,
when it is in the fully closed position, will cause high energy steam to leak internally through
the valve to the lower pressure sink. This leakage steam is dumped into the atmosphere
resulting in a loss to the power generating cycle due to the energy contained in the steam
being lost. To supplement this loss more water needs to be added to the cycle and more coal
needs to be burned to maintain the energy levels of the steam produced and delivered to the
turbine to meet the generating requirements of the plant. This additional fuel directly impacts
the efficiency of the power plant.

Figure 3 below illustrates the severity of the leakages of steam to the environment from
internally leaking valves at an Eskom power station.






2. Background

2.1 Reasons for internal valve leakages on Eskom power plants

Drain valves are considered isolating valves since they isolate (shut-off) a fluid from flowing
through it, to the downstream piping, when they are in the fully closed position under normal
operating conditions. In shut down and emergency conditions, these valves are usually in the
fully open position allowing quick draining predominantly to the atmosphere. Thus, these
valves are designed to either operate in the fully open state or fully closed state.

A valve that is thought to be in the fully closed position but allows fluid to pass is considered an
internally leaking valve. The leak occurs as a result of a leak path created between the valve
mating surfaces. This leak path is thought to be generated by one or a combination of the
following factors:

. Lack of maintenance opportunities

Due to the severe shortage of electricity as explained in chapter 1, planned maintenance on
power generating plants are regularly postponed to meet high energy demand. These
postponements result in valves not being refurbished as per maintenance strategy.

Valves are mechanical devices and the internals are susceptible to wear. Typically, over a
period of time, valve seats and discs begin to wear and need to be refurbished or replaced.
Continual operation with a worn seat and disc, compromises the integrity of the mating
surfaces and result in high pressure steam passing between the mating surfaces into the
downstream piping network.

. Foreign or abrasive debris in the pipeline

Foreign debris such as used welding rods, grinder discs etc. left in the pipeline after repairs can
settle in the valve cavity. This debris can get lodged between the valve seat and disc and can
potentially cause the mating surface not to tightly seal the fluid when the valve is in the closed
condition resulting in fluid leaking internally through the valve to the downstream pipework.



. Incorrect “stroking” of valves

Many valves in a power plant are installed with motor operated actuators to automatically
drive the valve stem to a desired position. With regard to the boiler drain valves, motor
operated actuators are installed to drive the valve stem and disc assembly to either a fully open
position or a fully closed position. The valve stem and disc assembly being in the fully open
position will allow fluid to flow through to the downstream piping network, whilst the valve
stem and disc assembly in the fully closed position will allow for the valve disk to make contact
with the valve seat, thereby creating a sealing surface which will prevent a fluid from flowing
through to the downstream piping network.

To ensure that the actuator correctly drives the valve stem and disc assembly to a desired
position, the valve needs to be “stroked”. “Stroking” a valve is a process whereby an operator
drives the valve manually to a fully closed position and sets a closed limit switch, thereafter the
operator drives the valve to a fully open position and sets an open limit switch. The valve then
operates between these two limit switches. When the valve is required to be in the fully closed
position, the actuator automatically drives the valve stem and disc assembly until the closed
limit switch makes contact. This will indicate that the valve is in a fully closed position and the
disk is in contact with the seat, creating a leak tight seal.

It has been observed by the author on many occasions that the closed limit is set in an incorrect
position resulting in the valve disk not coming into full contact with the valve seat. This will
result in fluid being allowed to flow through the valve to the downstream pipework whilst the
valve is thought to be in the fully closed position.

If a leak-path is generated from any of the above mentioned reasons, the “leak-hole” will
deteriorate rapidly due to the leaking high pressure steam eroding away the valve internal
material resulting in an increased leakage rate with time. Thus, identifying a leak early can
prove very advantages.

2.2 Valves that are main contributors to energy losses on a power plant

The scales of losses due to internally leaking valves will vary depending on where in the water-
steam cycle the leak occurs. If a leak occurs immediately after the condensate extraction
pumps (CEP), where most of the energy contained in the steam has been used to generate
electricity, a loss of steam at this point will not have a significant impact on the efficiency of the
cycle compared to a leak occurring before the inlet to the HP turbine, where the steam
contains the most energy in the entire cycle. Thus, to identify an internally leaking valve that is
part of the high energy steam network will be more preferable than identifying an internally
leaking valve on the low energy steam side of the network.
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Under start-up, shutdown and emergency conditions the motorised isolation valve is in the
fully open position whilst it is in the fully closed position under normal operating conditions.
The hand isolation valve is always in the fully open position.

2.4 Factors in considering a suitable detection and quantification technique

To choose a suitable technique to detect and quantify internal leakages of valves one needs to
consider the following factors:

e The proposed technique needs to be quick and easy to enable responsible personnel in
identifying problematic valves swiftly.

e It needs to be an in-situ inspection method. Authorities are reluctant to shut down
power plants due to the high demand of electricity currently experienced in the country
as explained in chapter 1.

e The technique needs to be non-intrusive as it will not be feasible to install
instrumentation on all drain lines in the boilers across all power stations.

e The proposed technique needs to take into consideration the high pressures and
temperatures of the steam flow upstream of the drain valves and the fact that steam is
a compressible fluid.

e All piping upstream and downstream of the drain valves are insulated with mineral fibre
mats. The mineral fibre mats are covered with galvanised metal sheeting.

e Noise levels are high in the vicinity of the drain valves.
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3. Literature review

3.1 Valves

A valve is a mechanical device that can be used to control, regulate or direct the flow of a fluid
by opening, closing or partially obstructing a pipeline or duct. Valves have many uses and are
found in virtually every industrial process. In power plants, valves are installed to control the
amount of flow required by a system, to drain a component when required, to protect a
component from over pressurisation and to vent air that ingresses into systems.

Valves come in a variety of types, shapes and sizes. The most common types of valves in use
today are gate, plug, ball, butterfly, check, pressure-relief, and globe valves [1]. Generally,
valves can be classified into three main function areas: on-off (isolation), non-return and
throttling. On-off or isolation valves provide the function of blocking or isolating a fluid from
flowing through it when in the fully closed position whilst allowing fluid to flow through it in
the fully open position. Non-return valves allow a fluid to flow through in one direction only
and throttling valves allow for the control and regulation of flow at any point between fully
open to fully closed.

3.1.1 Valve components

Although valves come in a variety of types, shapes and sizes, they all have the same basic parts
[2]. A schematic of a valve is shown in figure 7 below. The main parts include a body, bonnet,
disc, seat, packing, stem and actuator. The valve body is the outer casing of the valve and
houses all valve internals. The bonnet acts as a cover for the valve body and is usually bolted or
screwed into the valve body. The disc is a movable obstruction located in the valve body and
provides the capability of permitting and prohibiting fluid flow. The seat is located in the
interior surface of the valve and provides the seating surface for the disc. It remains stationary
relative to the valve body and provides a leak-tight seal when in contact with the disc.

The stem connects the actuator and the disc and transmits motion from the actuator to the
disc, thereby positioning the disc as required. The actuator operates the stem and disc
assembly. Actuators can be manually operated by hand wheels and levers or automatically
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operated by electric, pneumatic or hydraulic systems. Packing is installed in valves to prevent
leakage of the working medium to the environment from the space between the stem and the

bonnet.

T ACTUATOR

__--- PACKING

e STEM

--- BODY

1.~ DISK

L SEAT

Figure 7: Basic parts of a valve [2]

3.1.2 Common drain valve types in power generating plants

A large number of valve designs, types and shapes have been developed to accommodate
different fluids, system conditions and different operating environments. Below is a brief
description of a gate valve and a globe valve, which are common valves, installed on power
plant drain lines in Eskom power stations.

A gate valve is a valve that is primarily used to start and stop a fluid. In the fully open position
the disc is completely removed from the flow path, allowing no resistance to the fluid flow
thereby permitting the fluid to flow through the valve. In the fully closed position the disc
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comes into contact with the seat, thus restricting the flow through the valve. With proper
mating between the disk and the seat no leakage occurs through the valve. Figure 8 shows a

schematic of a typical gate valve.

Gate valves are not used for regulating or controlling fluid flow since the flow rate is non-linear
with respect to the percentage of disc opening [2]. They are generally installed on systems that
require on-off operations where either full flow through the valve is required or complete

restriction of flow is required as is the case for drain valves.

T~ HANDWHEEL

STUFFING BOX

PACKING MATERIAL ~~

Figure 8: Schematic of a gate valve [2]
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A globe valve is a valve that is used to regulate flow. Globe valves differ from gate valves in that
the disc moves perpendicular to the seat. This is shown in figure 9 below. The perpendicular
movement allows for the annular space between the disc and the seat to gradually close as the
valve is closed. This gives the globe valve good throttling ability which allows for the regulation
of flow [2].

Globe valves are generally used on high pressure drain line applications in Eskom power plants
due to the disk-to-seat position. The disk makes contact with the seat at a right angle which
permits the force of closing to tightly seat the disc. This provides less seat leakage when
compared to gate valves. Eskom utilises both gate and globe valves on the drain system
depending on the pressure of the fluid. High pressure drain systems usually contain globe
valves, whilst lower pressure systems contain gate valves.

STEM

~— BONNET

Figure 9: Schematic of a globe valve [2]
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3.2 Monitoring techniques

A survey of the literature indicates that techniques previously developed to detect the onset of
internal valve leakages used predominantly acoustic emission and infrared thermography
principles and techniques.

3.2.1 Acoustic Emission

Acoustic emission (AE) is a form of energy emitted as transient elastic waves or sound waves
emanating from within a material. For internally leaking valves, the AE signal is generated from
turbulent flow resulting from the high pressure and high velocity flow through the ‘leak’ hole as
shown in figure 10 below.

: // Z
;///////A\ CLOSED GLOBE VALVE

{ ~ ___ FLUID THROUGH
7 = CLOSED VALVE
{ 7

7Y
Jellier,

Figure 10: lllustration of an internally leaking valve
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through valves. Drouillard [5] gives a comprehensive review of acoustic emission, the history of
its development and a brief description of applications of AE in leak detection. Delarue [6] and
Rajtar et al [7] successfully used AE to detect leakages in process pipelines. They also concluded
that the initial symptoms of abnormalities such as microstructure cracks in the structure of
pipelines can be detected using AE. Williams [8] provided detailed descriptions of the
applications of AE in chemical plants, nuclear reactors, and in iron and steel making plants.

Sharif and Grosvenor [9] researched the development of non-destructive methods that could
be used in an industrial environment to detect the onset of internal valve leakages reliably for
both liquids and gases. They conducted tests to determine the lowest detectable compressed
air leakage rate through a 1 inch valve that can be reliably detected using the AE technique.
The research concluded that very low leakage rates can be reliably detected using AE at
differential pressures of 1 bar. It was further concluded that a unique leak-related trend exists
in the frequency spectrum which could be distinguished from that produced due to background
noise. This makes AE testing a suitable technique for use in an industrial environment.

Detecting internal leakages of valves using AE is a proven technology and is utilised extensively
in industry, but quantifying these losses is still a challenge. Recently many researches have tried
to determine a method to quantify the losses of internal valve leakages using the AE signals [3]-
[11], [10].

Meland et al. [11] mentions that generally there are two ways to estimate internal leakages
through valves. The first uses analytical methods based on known physical relationships from
which empirical expressions are deduced. The use of empirical expressions here is due to the
problem being too complex to model by pure analytical expressions [11]. The second way is by
direct comparison with other valves that are known to have leaks. The data from these
reference ‘leaking’ valves are collected in a test rig and a match between signals on site and a
reference signal will indicate the leakage rate. This is often referred to as a fingerprinting
approach.

Kaewwaewnoi et al [3] & [4] used the first method described above to estimate leakage rates
from internally leaking valves. Kaewwaewnoi et al [3] researched the relationship between the
AE signals generated from three different sizes of internally leaking ball valves (1, 2, 3 inch) at
different inlet pressure (1-5 bars) conditions using air as the medium. The research concluded
that the average energy (AErms) and the average signal level (ASL) of the AE signal increased
with an increase in leakage rate and in upstream pressure. They attributed this increase in
AErms and ASL to an increase in turbulence with an increase in leakage rate. Although it was
noted, that at higher leakage rates the signal decreased due to the degree of turbulence
decreasing as the leakage “hole” increased. Kaewwaewnoi et al [3] concludes that the
parameters that affect AE signals are valve inlet pressure, valve size and leakage rate.

Following the findings of Kaewwaewnoi et al [3], Kaewwaewnoi et al [4] used a theoretical
model to predict internal leakage rates through valves. This is shown in equation 1 below which
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when rearranged can be used to calculate the volumetric flow rate through an internally
leaking valve. The model was reported to be successful based on experiments from liquid flow
in ball and globe valves. Meland et al. [12] mentioned that the model derived by Kaewwaewnoi
et al [4] would be only valid for liquids.

8 4
- Ci—1 _ 2) (P_ls) -
AErms = (4 5301 (Cv P Equation 1

Where:
C1is a constant covering fluid variables
ais the sound velocity in the fluid
p is the fluid density
D is the valve size
Qs the volume flow rate
AP is the pressure drop across the valve
P, is the inlet pressure
C, is the valve flow coefficient

S is the specific gravity of the liquid

Prateepasen et al. [10] extended Kaewwaewnoi et al [4] findings for gas in their work and
created a new model for gas shown in equation 2 below. They conducted experiments with two
different sizes of ball valves (1 inch and 2 inch) as well as at different pressures (1-5 bars). Their
research concluded that AErms greatly depended on the valve design, valve shape and valve
size.

1
AErms®a®D1*RT]8

e

Q=031 e2x107° [ Equation 2

Meland et al. [12] analysed all previous work carried out on AE for detecting and quantifying
internal leakages of valves. The research concentrated on determining factors that affect the
power level in the frequency spectra of AE signals. They established that the fluid density,
sound velocity in the fluid, pressure, temperature, leak rate, viscosity, size and geometry of the
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leak and properties of the valve and piping all affect the power level of the AE signal. The
research concluded that AE is deemed to be effective for the detection of leaks but the
quantification of leaks is a rather complex matter and warrants further investigation.

From the above analysis of the literature it can be seen that there are generally two methods of
quantifying internal leakages through valves. In the first method researchers have created
empirical models that use the generated AE signals to quantify internal leakages through
valves. These models are sensitive to valve design, valve type, valve size and upstream
pressure. The second method to quantify internal leakages from valves is by comparing the AE
signal generated with a similar valves AE signal trend signature, i.e. a fingerprinting exercise.
Both methods require an experimental facility to be set-up so that empirical relationships or AE
signal signatures can be generated for different valves. It will be extremely difficult to set-up
such an experiment due to the high pressures and temperatures needed for such an
experiment to acquire accurate AE signals to generate the empirical relationships or the AE
signal signatures for each valve. Coupled with the above, there is a variation in valve sizes,
valve types, valve designs and upstream pressures experienced by different drain valves.
Setting up an experiment that caters for all the variables will be a difficult task to accomplish.

3.2.2 Infrared Thermography

Infrared thermography (IRT) is a non-contact, non-intrusive, non-destructive testing (NDT)
technique, which enables one to view energy radiated by an object. Objects at a temperature
above absolute zero emit electromagnetic radiation in the form of waves which fall into the
infrared (IR) portion of the electromagnetic spectrum. The energy emitted by the object is
mainly a function of its temperature and so IRT may be considered as a technique to measure
an object’s temperature [14].

Infrared thermography comprises of a camera that is equipped with a series of changeable
optics, and a computer. An object’s surface temperature can be obtained by focussing the IRT
camera on the object. The core of the camera is the infrared detector. This absorbs the IR
energy emitted by the object and converts it into an electrical voltage or current which is
analysed by the computer and processed to produce thermal images and perform temperature
calculations.

The radiation emitted from a blackbody, the maximum value radiated by a body for a given
temperature, was derived by Planck and is given in equation 3 below.

c
Eyp = /1__5< é 1) Equation 3
e
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Where:
E,p is the blackbody radiation intensity
C:and C; are first and second radiation constants respectively
A is the wavelength of the radiation being considered
T is the absolute temperature of the blackbody

Wien’s displacement law is obtained by integrating Planck’s law with respect to the wavelength
and is shown in equation 4 below.

2898 _
Aiax = — Equation 4

This law states that there is an inverse relationship between the wavelength of maximum
emission of any body and its temperature when expressed as a function of wavelength. Wien’s
law mathematically expresses the common observation that colours vary from red to orange to
yellow, as the temperature of the thermal radiator increases [14].

The total hemispherical radiation intensity can be obtained by integrating Planck’s law over the
entire spectrum. This is shown in equation 5 below.

E, =oT?* Equation 5
Where:
o is the Stephan-Boltzmann constant.

With the above equation, if the total radiation emitted by a blackbody in all directions is
known, one can calculate the temperature of the blackbody. Generally, a real body does not
comply with Planck’s law and only emits a portion of the radiation emitted by a blackbody at
the same temperature and at the same wavelength. Since IRT is based on Planck’s law in
calculating temperatures of objects, considerations need to be made to account for the
variation experienced with real bodies.

The total radiation energy leaving from an objects surface is called radiosity, which is equal to
the sum of reflected, emitted and transmitted energy. This is quantified by Kirchhoff’s radiation
law and is shown in equation 6 below.

e+ pt+tr=1 Equation 6
Where:
€ is the emissivity

p is the reflectivity
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Tis the transmittivity

The emissivity of a material is the relative ability of its surface to emit energy by radiation and
is the ratio of the total thermal radiation emitted from an object to the total thermal radiation
emitted from a blackbody at the same temperature. This is shown in equation 7 below. The
emissivity is a dimensionless quantity and ranges between 0 and 1. A blackbody has an
emissivity of 1.

&E= — Equation 7

Where:
E, is the thermal radiation emitted by an object

The reflectivity is the fraction of incident energy that is reflected at an object. Reflectivity is a
property of the material. For opaque objects, the transmittivity is zero and equation 4 reduces
to:

e+ p=1 Equation 8

The above equation indicates that a high emissivity equates to a low reflectivity and a low
emissivity equates to a high reflectivity. Modern day IRT cameras allow for users to insert
values for the emissivity and the background (reflected) temperature. They measure the total
radiosity from the object, subtract the reflective component, and scale the results by the
objects emissivity to determine an accurate temperature measurement of the object [15].

IRT has a variety of applications and is extensively used in industries including agriculture,
architecture, power industry, manufacturing industry, and the medical industry. Some of the
applications were IRT can be used is in electrical systems to detect localised high temperatures
which indicate faulty connectors or overloaded circuits, mechanical equipment to detect
abnormally high motor temperatures or bearing failures, in building applications to detect
missing insulation or air infiltration and in fluid systems to detect line blockages and recently it
is increasingly used for fluid leak detection [16], [17].

The underlying principle in fluid leak detection is that the hot fluid that is leaking internally
through the valve will increase the temperature of the downstream piping network. As the fluid
flows through the downstream pipework, heat energy contained in the fluid will be transferred
from the high temperature fluid through the pipe walls to the pipe surroundings. This will result
in an increase in the outer surface temperature of the pipe. The thermal radiation from the
pipe surface can then be measured by an IRT camera which will indicate the temperature of the
pipe. A relatively high pipe surface temperature will indicate a leak, whilst a temperature close
to room temperature will indicate no internal leakages through the valve. This is illustrated in
figure 12 below.
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downstream pressure at point 2 is calculated by assuming an isentropic efficiency of 70 % for
the expansion of the leakage flow through the valve. This assumption, made by Korellis [16], is
based on comparing the expansion of steam across a valve to the expansion of steam across a
diaphragm in a steam turbine. Korellis [16] states, “If a typical turbine, designed for an
aerodynamic pressure drop/velocity increase, has an efficiency of 95%, estimating an efficiency
of 70% for an unintentional process that would be less reversible represents an acceptable
approximation.”

Once the pressure at point 2 is calculated Korellis [16] then proposed equations to calculate the
velocity of the leakage flow between point 2 and the blow down vessel, which is maintained at
atmospheric pressure. An example of a proposed equation is shown in equation 9 below.

AH = K (5) Equation 9
Where:

AH is the head loss in the pipe (i.e. pressure change)

K is the resistance coefficient

v is the downstream velocity of the medium

Equation 9 is the Darcy head loss equation and is generally used to calculate the head loss
between two points in a pipeline. To account for steam being a compressible gas, an expansion
factor is added to the above equation. Once the velocity is calculated, Korellis [9] uses equation
10 below to calculate the flow rate of the leakage.

m= pAv Equation 10
Where:

m is the mass flow rate

A is the pipe cross sectional area

in the method derived by Korellis [16], the upstream temperature and pressure before the
valve is used to calculate the immediate downstream pressure of the valve. In the power plant,
there are no instruments installed immediately upstream of the valve to acquire the pressure
and temperature of the fluid. One can assume these properties to be the live steam properties,
but as mentioned in chapter 2.3, the valves installed on the drain lines are installed at various
different lengths away from the main steam pipe work and there will be a slight drop in
temperature and pressure immediately upstream of the drain valve due to heat loss through
the piping and head loss along the piping. It should also be noted that Korellis [16] does not
provide any experimental validation for the technique proposed.
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To calculate the enthalpy of the steam at upstream and downstream points of the un-insulated
length of pipe is extremely difficult as no instrumentation to measure steam intrinsic properties
are available on a power plant environment. Sherikar assumes that since the steam expands to
atmosphere immediately after an internally leaking valve one can make an ideal gas
approximation for the loss of enthalpy,(h, — h,_;), due to most gases behaving similar to an
ideal gas at high temperatures and low pressures. This ideal gas approximation is shown in
equation 12 below.

Ah = C, (AT) Equation 12
Where:
Cp is an average specific heat of a fluid at constant pressure

AT is the change in temperature of the fluid measured at two locations in the system.

By substituting equation 12 into equation 11, the heat loss equation can be written as:

Qflow = me (Tl,steam - TZ,steam) Equation 13

Qsiow is the heat loss from the steam flow through the pipe. Since energy is conserved the heat
loss from the steam is equal to the heat loss from the outer pipe surface, a combination of
convection and radiation heat transfer, and can be expressed as equation 14 below:

Qftow = Qc + Qr Equation 14

Therefore by combining equations 13 and 14, the leakage flow rate can be determined from
the following expression:

mcp(Tl,steam - TZ,steam) = Q.+ Q; Equation 15

T} steam — T2,steam » is the change in temperature of the steam flow through the un-insulated
length of pipe. Since there is no instruments installed on the system to measure this steam
temperature, Sherikar [17] assumes that the change in pipe surface temperature
Tipipe surface = T2pipe surrace 1S €qual to the change in steam temperature T} seoqm —
T; steam- Rearranging the above equation and substituting the change in steam temperature
with the change in pipe surface temperature, Sherikar [17] calculates the mass flow rate from
an internally leaking valve from equation 16 below.
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Qc+ Qr
Cp ( Tl,pipe surface™ TZ,pipe surface)

m= Equation 16

Where:
Q. is the convection heat loss from the surface of the un-insulated pipe

Q. is the radiation heat loss from the surface of the un-insulated pipe

It should be noted that Sherikar [17] is a patent document and no experimental validation was
provided for the proposed technique. An extensive literature review on Sherikar [17] revealed
no other information on the proposed technique

Sherikar’s {17] proposed technique fulfils most of the requirements listed in section 2.4. It is a
non-intrusive technique which can be conducted whilst the generating unit is in operation. The
drawback of this proposed technique is that a length of insulation material downstream of the
valve needs to be removed to conduct the tests. Although it should be noted that the removal
of the insulation material will not affect the efficiency of the plant as the drain lines dump its
contents into the boiler blow down vessel and any fluid recovered will be recovered at
atmospheric conditions. Removal of the insulation might however be a safety risk if people
work or walk in the vicinity of the area where the insulation material is removed. This however
can be mitigated by demarcating the area and restricting people from walking close to the
exposed pipework.

The assumption made by the author equating the change in steam temperature to the change
in pipe surface temperature of the un-insulated pipe needs to be verified as the author merely
states the assumption and does not provide any verification.

The assumption made that the expansion of steam through an internally leaking valve is an
isenthalpic process needs to be validated as this assumption is only valid for normal flow
through valves. Due to the high pressures differential across internally leaking valves one can
expect high velocities downstream of the valve which will result in an increase in kinetic energy
and the process will not be isenthalpic as assumed by the author.

This technique will also be needed to be experimentally validated before implementation on
the power plant.
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3.2.3 Other Techniques

3.2.3.1 Pressure Change Monitoring

Pressure change monitoring is a technique whereby the system pressures on either side of a
component is monitored or the difference in pressure between 2 points in a system is
measured. This is more commonly termed differential pressure monitoring. Differential
pressure monitoring is accomplished by the use of differential pressure gauges, which are
visual indicators designed to measure and display the difference in pressure between two
pressure points in a system. The differential gauges typically have two inlet ports, each
connected to the pressure points that are being monitored. The gauges perform the
mathematical operation of subtraction through mechanical means. This eliminates the need for
an operator or control system to watch two separate pressure gauges and calculate the
difference in readings [18].

Differential pressure monitoring is extensively used in industry. Applications include, filter
blockage monitoring, liquid level monitoring, flow rate monitoring and backflow prevention,
through components. For filter blockage monitoring, a differential pressure gauge is installed
on either side of a filter by means of impulse lines, as is shown in figure 15 below. By
monitoring the differential pressure, one can determine the condition of the filter. A high
differential pressure will indicate the presence of a blockage whilst a lower differential pressure
will indicate a clean filter.
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Figure 15: Filter blockage monitoring by differential pressure technique [18]
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valves. Their results show that the air leakage through the valves excites the valve to vibrate at
certain frequencies whilst water leakages show a general increase in signal level in wide
frequency bands for all valves.

Thompson and Zolkieswki [19] did extensive research on the frequencies exited by gases that
leak internally through valves. They concluded that the vibration analysis technique could be
used satisfactorily to detect internal leakage of gasses through valves under laboratory
conditions, where the background noise is controllable. It was mentioned that under industrial
environments, were the levels of background noise is high, this technique cannot be used.

The sound power level from power plant equipment can range from about 120 dB to well over
155 dB depending on the size and type of the machines. This makes the vibration analysis
technique not a suitable technique to detect and quantify internal leakages from boiler drain
valves.
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4. Internally Leaking Valves in a
Power Station

4.1 Impact of internally leaking valves

Listed below are the main losses associated with internally leaking valves:

e Loss in power plant efficiency. The steam lost due to internally leaking valves has
already had its energy level increased by the fuel combustion process and since this
energy is not available for generating purposes more fuel needs to be burned in order
to meet the generating requirements of the plant.

e loss in revenue. If the power plant is required to operate at maximum capacity, the
losses from internal valve leakages can impede the plant from attaining maximum
capacity due to limitations in performance of components such as pumps, turbines etc.
resulting in a loss of revenue.

e Lloss of demineralised water. The water being used in the power plant is clarified,
filtered and demineralised to remove impurities and to prevent corrosion and
calcification of pipework. There is a cost associated with the production of
demineralised water. Hence the loss of demineralised water which needs to be replaced
has a direct financial impact. Coupled to this is the scarce availability of water resources
in South Africa.

e High auxiliary power consumption. More water needs to be fed into the boiler as a
result of water losses from internally leaking valves. This results in the Boiler Feed
Pump’s Variable Speed Drives drawing more auxiliary power to pump the excess feed
water into the boiler.

e Valve damage. As a result of the high operating pressures and temperatures of the
steam, the steam begins to erode the seat of the valve causing damage to the valve
components. This result in higher maintenance costs associated with refurbishing or
replacing valves that are left to leak internally.
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Cost of Repairs. If the leakage is not identified, the cost of repairs to the valve will
increase as the deterioration of the valve increases.

Damage to downstream piping. The high velocities of steam resulting from leaking
valves causes erosion of the downstream pipework. Erosion of pipework can result in
pipe rupture which will result in the plant being forced shut down. This will result in loss

of revenue.

Shutting down a generating unit for an unplanned outage will result in a significant revenue

loss for the company. In this study the revenue loss for shutting down the generating unit is not

considered due to the following reasons:

The objective of this study is to evaluate all losses associated with valves that are
leaking internally. Shutting down of the generating unit is ultimately a management
decision and management can use the information on internally leaking valves to make
an executive decision bearing in mind the actual revenue loss.

Eskom follows an outage philosophy for the generating units. The duration between
different outages per unit is 18 months. As mentioned earlier, due to the shortage of
generating capacity these planned outages are deferred, resulting in the unit staying on
load for longer durations than planned. The quantification of losses by internally leaking
valves will provide guidance to management as to the losses experienced and might
provide reasons to management to shut down the unit to maintain identified valves and
complete all maintenance activities, on all plant areas, schedule for that specific outage.
The loss of revenue here will not apply as it would have already been factored into the
planning of the outage.

e The loss of revenue varies. Shutting down the generating unit during off-peak times like

weekends, long weekends, public holidays and school holidays will not affect loss of
revenue severely as the demand during these times are low and generators are usually
on low load conditions or on cold reserve.
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4.2 Flow properties upstream and downstream of an internally leaking boiler
drain valve

An understanding of the nature of steam flow upstream and downstream of an internally
leaking drain valve is paramount in considering a suitable detection and quantification method.
The upstream temperatures and pressures vary with different drain valves depending on the
location of the drain valve in the cycle. There will also be a variation from similar drain valves in
different power plants due to different plant designs.

Typically the boiler feed pump delivers the working fluid into the boiler via the HP heaters at
pressures and temperatures in the region of 21 MPa and 240 °C respectively. As the fluid
progresses through the boiler the temperature is raised whilst there is a decrease in pressure
due to head losses. At the outlet of the boiler (inlet to the turbine) the fluid has a pressure and
temperature of 16.4 MPa and 540 °C respectively (Majuba Power Station). At this point the
fluid contains the most energy in the cycle and a leak at this point, through internally leaking
valves, will result in the greatest loss in power plant efficiency as previously discussed.

For the configuration mentioned in section 2.3, the upstream steam condition, before the drain
valve, is maintained at pressures above 16.4 MPa and the downstream pressure (boiler blow
down vessel) is maintained at atmosphere. Hence the internal leakage of steam through the
valve will expand to atmosphere. The steam upstream of the valve is in the superheated state,
since the saturation temperature of steam at 16.4 MPa is 349 °C, which is far less than the
steam temperature of 540°C.

Internal leakages of valves result from the valve not appropriately isolating the upstream flow.
These valves are meant to be in the fully closed position but due to reasons mentioned in
section 2.1, sometimes a leak path is generated between the mating surfaces which cause
steam to ‘pass’ through the valve.

As steam flows through the leak path to the downstream pipework which is at a significantly
lower pressure than the upstream pipework, the steam will expand. Equation 17 below shows
the steady flow energy equation, in specific quantities, for a fluid flow in an open system.

2 2
h, + % +gzi+Aq = h, + vz_z + gz, + Aw Equation 17
Where:

Point 1 is upstream of the valve

Point 2 is downstream of the valve

2
v? is the kinetic energy component
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gz, is the potential energy component
Aq is the change in heat input/output

Aw is the change in work

Since there is no work being done by an internally leaking valve, the change in work component
from the above equation can be neglected. It can be assumed that the valve is adiabatic i.e. no
heat energy is added or lost through the valve. This will enable us to neglect the change in heat
component from equation 17. Since it is a gas the potential energy component can also be
neglected. Thus equation 17 will reduce to equation 18 below, which means that the total
energy of the system will be conserved

2

h+v—%—h+ﬁ Equation 18
1+5 = . quation

As the fluid flows through an internally leaking valve the cross sectional area of the flow path
reduces significantly. To ensure continuity, the velocity of the fluid has to increase as the area
reduces. Many researches have mentioned that although the outlet velocity through a valve is
often relatively higher than the inlet velocity, the change in kinetic energy of the gas between
upstream and downstream locations is small and can be neglected {27][28]. By neglecting the
kinetic energy terms in equation 18 above, one can deduce that the upstream enthalpy is
approximately equal to the downstream enthalpy. This relationship will only hold true if the
velocity difference between upstream and downstream conditions are not significant.

However, in the case of an internally leaking valve, leaking fluid from a very high pressure to a
very low pressure, one can expect that the velocity downstream of the leaking valve will be
significant and that the kinetic energy terms of equation 18 is relevant and cannot be
neglected. Computational fluid dynamic simulations provided in the following section will prove
that the downstream velocity is indeed significantly higher for certain conditions.

Since the density of steam varies significantly, compressibility effects have to be taken into
consideration. As the fluid flows through the restriction the velocity increases as mentioned
above. Due to the high pressure difference across the valve there is a possibility of the fluid
reaching sonic velocity. This occurs when the fluid velocity equals the speed of sound in that
specific medium. At this point the mass flow rate will be choked and no further increase in flow
rate is possible under those specific conditions. The flow rate will only change if the leak path is
changed or if the upstream steam conditions are changed.
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the Mach number in the last segment of the discharge pipe for orifice openings greater than
9% of pipe internal diameter is 1 which indicates that the velocity of flow is equal to the sonic
velocity, and the mass flow rate is choked.
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5. Proposed technique to detect and
quantify internal leakages of drain
valves

5.1 Chosen detection and quantification technique

In section 2.4, mention is made of the factors that need to be considered in choosing a suitable
technique to detect and quantify internal leakages from drain valves. Coupled with these
conditions since the velocities in the discharge pipe sometimes reach sonic velocity, choked
flow condition needs to be considered.

The literature survey makes mentions of all the different types of technique available to detect
the onset of internal valve leakages an also critically evaluates each technique with respect to
suitability to detect and quantify leakages in a power plant environment. Below is a summary
of this evaluation, repeated here so that all techniques are evaluated and a suitable technique
can be chosen and pursued.

Techniques using acoustic emission technology to detect the onset of internal leakages from
valves are a well proven science. Researchers have recently created empirical models that use
the generated AE signal to quantify internal leakages although these models are sensitive to
valve design, valve type, valve size and upstream pressure. Other researchers mention that one
can quantify internal leakages from valves by comparing the AE signal generated with a similar
valves AE signal trend signature, i.e. a fingerprinting exercise. Both methods require an
experimental facility to be set-up so that empirical relationships or AE signal signatures can be
generated for different valves. It will be extremely difficult to set-up such an experiment due to
the high pressures and temperatures needed for such an experiment to acquire accurate AE
signals to generate the empirical relationships or the AE signal signatures for each valve.
Coupled with the above, there is a variation in valve sizes, valve types, valve designs and
upstream pressures experienced by different drain valves. Setting up an experiment that caters
for all the variables will be a difficult task to accomplish.
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Pressure change monitoring is an intrusive monitoring technique that requires impulse lines to
be permanently installed to the upstream and downstream piping network of the drain valve.
This will not be a feasible approach as there are many drain lines installed on a power plant.
Coupled to this, due to the high pressure differentials across the valve, the differential pressure
transmitter/gauge might not have sufficient resolution to measure small pressure differences
on the low pressure side of the valve.

Vibration analyses technique to detect internal leakages from valves is susceptible to
background noise. Researchers have mentioned that this technique cannot be used in
environments were background noises are high. The sound power level from power plant
equipment can range from about 120 dB to well over 155 dB depending on the size and type of
the machines. This makes vibration analyses not a suitable technique for power plant
environments.

Detecting internal leakages of steam valves using infrared thermography is a simple exercise.
As the leakage steam flow passes through the valve to the downstream pipework, the steam
loses a portion of its energy to the pipework, thereby increasing the temperature of the piping
network. By measuring the temperature of the downstream pipework using an IRT camera, one
can determine if the valve is internally leaking or not. Quantification of the leakage flow is still a
challenge. Korellis [16] and Sherikar [17] proposed techniques to quantify the leakage flow
from power plant drain valves although none provided experimental validation of their
techniques.

In the method derived by Korellis [16], the upstream temperature and pressure before the
valve is used to calculate the downstream pressure of the valve. In the power plant, there are
no instruments installed immediately upstream of the valve to acquire the pressure and
temperature of the fluid and installing these instrumentation on all drain lines will be
unfeasible. One can assume these properties to be the live steam properties, but as mentioned
in chapter 2.3, the valves installed on the drain lines are installed at various different lengths
away from the main steam pipe work and there will be a slight drop in temperature and
pressure immediately upstream of the drain valve due to heat loss through the piping and head
loss along the piping.

Sherikar’s [17] proposed technique fulfils most of the requirements listed in section 2.4. It is a
non-intrusive technique which can be conducted whilst the generating unit is in operation. The
assumption made by the author equating the change in steam temperature to the change in
pipe surface temperature of the un-insulated pipe needs to be verified as the author merely
states the assumption and does not provide any verification.

In the simulations conducted in the previous section, it can be seen that the flow will be choked

at the last segment of the downstream pipework in certain conditions. In Sherikar's [17]

technique, if the length of insulation material is removed from a section well above the

downstream discharge into the boiler blow down vessel, the effects of choked flow, i.e. shock
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waves will not be seen by the length of un-insulated pipe as it will be upstream of the point of
choking. Even for orifice openings as high as 30% of pipe internal diameter, shown in appendix
A, it can be seen that the velocity only in the last segment of the downstream pipe is sonic
velocity. Further to this, Sherikar’s technique uses the heat lost from an un-insulated pipe to
calculate a mass flow rate. If a choked flow condition exists the mass flow rate will not increase
beyond a certain value with the upstream conditions and restriction opening remaining
constant. Hence, the flow rate will remain constant which infers that heat loss from the un-
insulated pipe will remain constant and the problem can be analysed as a steady state problem.

Sherikar [17] assumes in his technique that the expansion of fluid through an internally leaking
valve follows an isenthalpic process, i.e. the enthalpy is conserved between upstream and
downstream of the valve. From this assumption Sherikar [17] further goes on to mention that
since the enthalpy is conserved, if a length of insulation is removed from a section of pipework
downstream of an internally leaking valve, the heat loss from that section of un-insulated
pipework will result in an enthalpy loss of the fluid and thus this forms the basis of the mass
flow rate calculation. In section 4.2, it was shown that for internally leaking valves the effects of
kinetic energy cannot be ignored and the process is not isenthalpic. However, on analysing the
enthalpy profile downstream of an internally leaking valve, figure 23 and table 2, it can be
concluded that the effects of kinetic energy is minimal along most of the initial parts of the
downstream piping network and can be neglected. The effects of kinetic energy are more
pronounced as the flow discharges into the boiler blow down vessel and thus in the last
segment of the downstream pipe work one cannot neglect the effects of kinetic energy. This
means that in utilising Sherikar’s [17] technique, the length of un-insulated pipe must be
removed from well above the discharge of the downstream piping to the boiler blow down
vessel to avoid the effects of kinetic energy on the calculations.

Although this technique seems promising it first needs to be experimentally validated before
implementation. Thus it was decided to pursue Sherikar’s [17] proposed technique to detect
and quantify internal leakages of valves.
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Qct+ Qr
Cp ( Tl,pipe surface™ TZ,pipe surface)

m= Equation 19
Where:

Qcis the convection heat loss from the surface of the un-insulated pipe

Q;, is the radiation heat loss from the surface of the un-insulated pipe

C,is the average specific heat of the fluid at constant pressure

T1,pipe surface aNd T2 pipe surface are pipe surface temperatures as indicated in figure 26

The convection heat transfer from the surface of the un-insulated pipe can be calculated from
equation 20 below [23].

Qc = heAoue (Tsurface avg — Tamb) Equation 20
Where:
h is the heat transfer coefficient
Aout is the surface area of the outer surface along length L of the un-insulated pipe
Tsurface,avg 1S @n average temperature of Ty pipe surface aNd T2 pipe surface

Tamo IS the ambient temperature

The radiation heat transfer from the surface of the un-insulated pipe can be calculated from
equation 21 below [23]. By using the average pipe surface temperature across the length of the
un-insulated pipe in equation 20 and 21, it is assumed that the heat transfer rate is uniform
across the length of un-insulated pipe.

— 4 4 .
Qr = €0AF(Tgyrfaceavg — Tams) Equation 21
Where:

g is the thermal emissivity of the pipe surface
o is the Stefan-Boltzmann constant

F is the shape factor
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The heat transfer coefficient h., in equation 20 above, may be determined from the Nusselt
number approximation as shown in equation 22 below:

hCDout

NuD = X

Equation 22
Where:
Nup is a dimensionless Nusselt number

k is the thermal conductivity of air

Doutis the outer diameter of the un-insulated pipe length.

The Nusselt number is a ratio of the total heat transfer of a system to the conduction heat
transfer of the same system. Churchill and Chu [23] derived an empirical relationship for the
calculation of the Nusselt number as a function of the Rayleigh number (Rap) and Prandtl
number (Pr) for free convection heat loss from an isothermal horizontal cylinder and is shown
in equation 23 below.

( ) 2
1/6
0.387 Ra
Nup = {0.60 + b ° Equation 23
9127
0.559\16
1+
L ( Pr ) )

The Rayleigh number and Prandtl number can be calculated from equations 24 and 25
respectively [23]:

_ gﬂa(Tsurface avg _Tamb)Dgut

Raj = i
D aly Equation 24
v
P.=-= Equation 25
aq
Where:
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g is the gravitation acceleration
B, is the thermal expansion coefficient of air
v, is the kinematic viscosity of air

a, is the thermal diffusity of air

Equations to calculate the thermos physical properties of air are shown in Appendix B.

Solving for the Nusselt number in equation 23 and substituting in equation 22 one can solve for

the heat transfer coefficient. The mass flow rate of the leakage flow through the length of un-

insulated pipe can then be calculated by equation 26 below:

4 4
_ Reague (Tsurface avg_Tamb)+ €0 A0ut (T surface avg— Tamb)

Equation 26
Cp (Tl,pipe surface™ TZ,pipe surface)

The following assumptions are made in the above equation:

The heat transfer rate across the length of un-insulated pipe is uniform throughout the
length.

The heat transfer from the steam through the pipe wall is one dimensional, i.e. heat is
only transferred in the radial direction through the pipe wall across the pipe length.

The change in pipe surface temperature is equal to the change in steam temperature
across the length of the un-insulated pipe. As mentioned earlier, this assumption is
made due to the fact that no instrumentation is available on site to measure steam
temperature or any other steam properties. It will be shown, in section 6.5, that this
assumption is not entirely accurate

The above equation will be referred to as the mathematical model to calculate mass flow rate

of a leakage flow through an internally leaking valve. The process to follow in utilising this

mathematical model will be referred to as the proposed technique. The proposed technique
comprises the following procedure:

Remove a length of insulation from the downstream pipe work of an internally leaking
valve

Take surface temperature measurements of the upstream and downstream points of
the un-insulated pipe using an infrared thermal camera

Calculating the mass flow rate of the leakage flow by using the mathematical model
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Once problematic valves have been identified and the quantity of leakage flow is established,
one can calculate the costs associated with an internally leaking valve.

5.3 Evaluation of losses associated with internally leaking valves

In section 4.1, the impact of internally leaking valves were listed and discussed. In this section
the equations to calculate the financial impact of the main losses are given.

5.3.1 Lossinrevenue

The amount of steam lost from a combination of internally leaking valves could prevent a
power plant from attaining maximum generating capabilities. This could be due to the boiler
feed pump not being able to feed the excess water lost by the leakage flow. This will result in a
loss of revenue from the power generating plant if it cannot reach maximum generating
capacity.

To calculate this loss of revenue, the energy lost from the leakage flow needs to be calculated
first. This is determined by multiplying the difference in enthalpy of the leakage flow and the
enthalpy of the demineralised water make-up to the mass flow rate of the leakage flow. This is
shown in equation 27 below.

Pieak = (hg — hyep) x m Equation 27
Where:

Peak is the energy lost from the leakage flow

ho is the enthalpy of the leakage steam

hret is the enthalpy of the demineralised water make-up to the system

m is the mass flow rate

The demineralised water make-up to the station is usually fed to the station at temperatures
very close to ambient temperatures making the enthalpy of the make-up water small in
comparison with the enthalpy of the leakage steam. The leakage steam enthalpy is in the
region of 3000 - 3400 kl/kg whilst the enthalpy of the make-up water is in the region of 50 -100
ki/kg depending on the ambient conditions. Thus, since the make-up water enthalpy is much
smaller than the leakage steam enthalpy, it can be ignored in the above equation.
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The loss of revenue can be calculated from equation 28 below taking into consideration the
turbine efficiency (n.) since not all the energy available in the steam is converted into
electricity. Typically, the efficiency of a turbine set, including HP,IP and LP turbines, in a 660
MW power plant is between 90-93%.

Loss of revenue =
Pioak X7 X Cost of electricity (ﬁ) x time on full load (%)

Equation 28

5.3.2 Cost of excess coal required

The steam lost due to internally leaking valves has already had its energy level increased by the
fuel combustion process and since this energy is not available for generating purposes more
fuel needs to be burned in order to meet the generating requirements of the plant.

Not all of the chemical energy contained in the coal is transferred to the fluid in the boiler. A
portion of the energy is lost in the combustion process. To determine the amount of excess
coal required to supplement the energy lost from the leakage flow, the energy required from
the excess coal (Pexcess coal) Needs to be determined. This can be calculated by dividing the
energy lost from the leakage flow (Pea), as determined in equation 27 above, by the boiler
efficiency (mg). This is shown in equation 29 below. Typically, the efficiency of a boiler in a 660
MW power plant is between 85-89 %.

p leak

Equation 29
UJ:]

Peycess coal =

Once the energy required from the excess coal is calculated, the quantity of excess coal can be
determined by dividing the energy required from the excess coal by the average calorific value
of coal (C, coal), Which is the amount of potential energy in the coal that can be converted into
heating ability. This is shown in equation 30 below.

Excess Coal (per hour per kg) = Pexcesscont 1 3600 Equation 30

Cv,coal
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The cost of the excess coal can then be calculated by multiplying the excess coal per ton to the
cost of coal per ton.

5.3.3 Loss of demineralised water

The working fluid used in a power plant is demineralised to prevent corrosion of pipework.
There is a cost associated with the production of demineralised water and any loss of it will
result in a financial impact. By knowing the quantity of leakage flow from internally leaking
drain valves one can calculate the financial losses that results from the leakage flow from
equation 31 below.

Cost of excess demin water per year =
lost water per year ()x cost per l to manufacture demin water

Equation 31

5.3.4 Cost of excess auxiliary power consumption

Water is pumped into the boiler by means of boiler feed pumps (BFP). Three BFP’s are installed
on each power generating unit. Each is capable of supplying 50% of the required flow rate.
Thus, two are in service at any given time whilst the third is on standby. The BFP’s are driven by
variable speed drives, which allow the pump to vary the flow rate required by the system.

Internally leaking valves results in the BFP’s consuming more power to feed the additional feed
water into the boiler. The determination of the excess power required by the BFP’s for an
increase in flow rate can be determined by pump affinity laws for centrifugal pumps. The
affinity laws are derived from a dimensionless analysis of three important parameters that
describe pump performance: flow, total head and power [24]. These laws describe the impact
of changes in speed on pump flow, head and power for centrifugal pumps. As formulae, the
affinity laws are shown in equation 32, 33 and 34 below.

i_ M :
v, N, Equation 32
B (M)’ Equati
H,  \W, quation 33
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3
P N
1 _ ( 1) Equation 34
) N>

Where:
Vis the volumetric flow rate
N is the shaft speed
H is the pump head
P is the pump power

From the above equations one can see that an increase in flow rate will result in an increase in
shaft speed which will result in an increase in power required by the pumps. Once the excess
power consumed by the BFP’s are calculated, the cost of the excess power can be calculated by
multiplying the excess power to the cost of electricity.

It should be noted that if there is a loss of water in the boiler through internally leaking valves,
the system will automatically send signals requesting more feedwater from the boiler feed
pumps. Since the BFP’s are fitted with variable speed drives, the pump is able to speed up and
transfer more feed water into the boiler as requested. However, there is a limit to the amount
of excess feedwater that the BFP’s can supply. The drives are fitted with an overload function,
which will inform the unit operator when the BFP’s are delivering close to their maximum
amount. Once this point is reached, the operator will then have to de-load the unit and take a
load loss. The system also monitors the boiler pressure and informs the operator if the boiler
pressure is exceeding its maximum allowable value. If the pressure is exceeded, the operator
will then have to de-load the unit and take a load loss to protect components from over
pressurisation.

All the above losses are the major losses that will be encountered from internally leaking
valves. Other losses like blowing more air through the boiler to facilitate the excess coal being
burned is not considered in this analysis as the additional power required by the fans to blow
the excess air will be insignificant as the power consumption ratio to air volume is small in fans.
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6. Experimental Investigation

In chapter 5.2 equation 26, a mathematical model was formulated to calculate the mass flow
rate from an internally leaking valve. For it to be established as an accurate indication of
internal valve leakages on a power plant environment, the mathematical model needs to be
validated experimentally. The validation process should consist of a mass flow rate reading
calculated from the mathematical model, to be compared with a mass flow rate reading
generated from a reliable flow measurement device at varying flow properties.

Ideally the experiments should be conducted using steam similar to that experienced by the
drain valves in a power plant. Unfortunately generating steam at such high temperatures and
pressures is extremely difficult in a controlled environment and for this reason it was decided
to conduct the experiments using steam at lower pressures and temperatures, whilst still
maintaining the superheated nature of the steam.

6.1 Cussons mini steam power plant

The Cussons mini steam power plant was utilised in generating superheated steam required for
the experiments. This steam plant is owned by Eskom and is located in the Eskom Academy of
Learning in Midrand, Johannesburg. The Cussons Mini Steam Power Plant has been specifically
designed to allow institutes of education to study the principles and operations of an industrial
steam power plant. The plant can operate as a steam boiler, turbo-generator or complete
power plant. Steam generated from the boiler can be transferred to a set of experimental test
benches to conduct tests. Available tests include: thermal and total efficiency consumption,
boiler capacity, efficiency, heat balance, turbine power and specific steam consumption. Figure
27 below shows a picture of the power plant.
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of 8 bars. The diesel fired boiler then heats the fluid to a temperature of 173 °C. The steam is
then transferred to a superheater to further increase the temperature of the steam to a user
defined value. A control valve is installed immediately after the superheater to control the
pressure to a user defined value. Thus, the outlet steam temperature and pressure can be
controlled by the operator although not exceeding a maximum of 250°C and 6 bar respectively.

The machine maintains a user defined outlet temperature and pressure and thus the mass flow
rate cannot be user controlled but is a function of the back pressure in the system. The back
pressure is the pressure in the exhaust region, at the discharge of a nozzle, pipe, orifice or
valve. When the back pressure is equal to the supply pressure, there is no flow, since a fluid will
flow from a region of high pressure to a region of lower pressure. As the back pressure is
decreased to below the supply pressure the flow rate increases. Or if the supply pressure is
increased above the back pressure, the flow rate increases. Thus to vary the mass flow rate of
steam through the system the outlet pressure of the machine needs to be varied or the back
pressure in the downstream piping needs to be adjusted.

As indicated earlier, steam generated from the Cussons boiler can be transferred to a set of
experimental benches which utilise the steam for experimental purposes. Some of the
experimental benches and their purposes are listed below.

e Pressure and Temperature Bench - to investigate the relationship between
temperature and pressure of saturated steam.

e Separating and Throttling Calorimeter Steam Bench —to determine the dryness fraction
of steam i.e. the quantity of dry vapour present in any wet vapour mixture.

e Condenser Bench - to illustrate to students the operation of a condenser.

For purposes of this investigation an experimental test rig was designed and connected to the
Cussons power plant to facilitate experiments that needed to be conducted to validate the
mathematical model derived.
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Total length of piping=11.8 m

b) Pipe fittings (90° elbows, tee-pieces, sockets)

Pipe fittings were installed to the steel piping to change the direction of the fluid flow (90°
elbows) or to split the flow into two branches (tee-pieces). All pipe fittings were of the butt-
weld type and designed for use with ASTM A106 steel piping. All fittings were selected from
standard catalogues. Altogether the rig consisted of six 90° elbows, two tee-pieces and two
sockets. All components were welded together by the TIG (tungsten inert gas) welding process.

c) Oirifice plate

An orifice plate was installed in line with the experimental test rig. An orifice is a flow
restriction device that provides a means to calculate a mass flow rate. The orifice plate was
installed to calculate the actual mass flow rate in the test rig, which was used to compare with
the mass flow rate obtained from the mathematical model. The orifice plate was designed to
ISO 5167-2003, the international standard relating to the design and use of orifice plates. It
should be noted that since the mass flow rate is conserved in the system, the orifice plate was
installed upstream of the test valve so that any choked flow effects, occurring downstream of
the test valve, will not affect the mass flow rate readings in any way.

d) Impulse lines

Instrumentation Impulse lines were installed to connect the upstream and downstream tapping
points of the orifice plate to a differential pressure gauge. The Impulse lines were made from
aluminium tubes. Impulse lines contain the process fluid and are generally used to transmit the
pressure signal from the process to the transmitter.

e) Differential pressure transmitter

A Siemens differential pressure transmitter was installed across the orifice plate, by means of
impulse lines, to read the differential pressure of the fluid flow caused by the orifice.

f) Pressure gauge

A digital pressure gauge was installed upstream of the orifice plate. This allowed for the
pressure to be recorded upstream of the orifice which was used to calculate the density of the
fluid. The density is needed in the calculation of mass flow rate by means of an orifice plate.

g) Valves

Two hand operated wedge gate type valves were installed on the experimental test rig, a test
valve and a bypass valve. By varying the opening of the test valve, one could vary the back
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pressure of the system and thus the mass flow rate could be controlled as explained earlier.
The bypass valve was purely installed to bypass flow from the experimental test rig.

h) Length of un-insulated pipe

The design of the experimental test rig saw the length of un-insulated pipe (test length) being
installed a distance of one meter away from the surface of the building wall. This was done to
avoid the wall from influencing heat transfer from the un-insulated pipe. The length of the un-
insulated pipe was maintained at 1.9 meters for all experiments performed.

Before commencing experimentation the test section was sanded down and painted with a
matt black paint to maintain a constant emissivity along the length. The emissivity of the pipe
surface is a vital parameter since the infrared camera, used for pipe surface temperature
measurements, depends on an accurate emissivity input for an accurate surface temperature
output. The emissivity influences the radiation heat transfer rate from the pipe surface as well.

In all experiments, surface temperature measurements were conducted on the upstream
surface of the un-insulated wall as well as the downstream surface of the un-insulated pipe.
Surface temperature measurements were also conducted on 9 equi spaced points along the
length of un-insulated pipe.

i) Pipe insulation material

All steel piping, except the test length was insulated with mineral fibre insulation material to
avoid heat loss. The conductivity of mineral fibre is very low, making it a suitable material for
insulation purposes.

j) Pipe supports

Pipe supports and pipe hangers were installed to fasten the test rig to the building wall.
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6.3 Experimental Procedure

Steam generated at pressure (Pg) and temperature (To) from the Cussons mini steam plant was
allowed to flow through the test rig set-up as is shown in figure 32.

As discussed previously, either the back pressure of the system or the outlet pressure of the
machine needed to be varied to vary the mass flow rate through the experimental test rig.
Varying the opening of the installed test valve caused the back pressure of the system to vary
and thus the mass flow rate through the system to vary. Both methods were used in the
experiments to vary the mass flow rate through the experimental test rig i.e. the valve opening
and the machine outlet pressure was varied.

To acquire a mass flow rate reading from the installed orifice an upstream pressure (P;) and
differential pressure (dP;) was recorded for all tests performed. On the length of un-insulated
pipe, surface temperature measurements were taken on the upstream location T; and
downstream location T,. Measurements were only taken once pipe surface temperatures
stabilised, the duration being 30 minutes from commencement of any particular test. The
ambient temperature was recorded from the ambient temperature gauge installed on the
Cussons plant for each individual test.

There were 5 different sets of experiments conducted as explained below:

1. Outlet Pressure and temperature from Cussons Steam Generating Plant fixed at 3.5 bar and
230°C respectively whilst the test valve’s opening varied from 0.5 turns to 2 turns in 0.25
turn increments.

2. Outlet Pressure and temperature from Cussons Steam Generating Plant fixed at 4 bar and
230°C respectively whilst the test valve’s opening varied from 1 turn to fully opened in 0.25
turn increments.

3. Outlet Pressure and temperature from Cussons Steam Generating Plant fixed at 4.5 bar and
250°C respectively whilst the test valve’s opening varied from 1 turn to fully opened in 0.25
turn increments.

4. Outlet Pressure and temperature from Cussons Steam Generating Plant fixed at 5 bar and
230°C respectively whilst the test valve’s opening varied from 1 turn to fully opened in 0.25
turn increments.

5. The test valve fixed at 1 turn whist the outlet pressure from Cussons Steam Generating
Plant was varied from 2.5 bar to 6.5 bar in 0.5 bar increments and the outlet temperature
maintained at 230 °C.
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Data collected from the experiments were recorded and used to calculate the mass flow rate
by the mathematical model which was modelled in Microsoft Excel. With an input of pipe
dimensions, ambient temperature and the un-insulated pipe surface temperatures the model
calculates the mass flow rate of the fluid flowing through the un-insulated pipe. Table 4 in the
following section shows the excel model. In this table each column is numbered 1-33. Table 3
below shows an explanation of each column and how the values in the model are calculated.

In the mathematical model the convection coefficient was calculated using the Nusselt number
correlation given in equations 22 and 23 in section 5.2. The Nusselt number is a function of the
Prandtl number and the Raleigh number. These are calculated from equation 24 and 25
respectively shown in section 5.2. The Prandtl number and the Raleigh numbers are functions
of the thermo physical properties of air and the surface temperature of the pipe for free
convection from a horizontal pipe. Thus the convection coefficient varies as these properties
vary and was calculated for each individual test performed. The convection coefficient varied
between 8.5 and 9.9.

To acquire a constant emissivity of the test length pipe surface; the entire test length was
painted with a matt black paint giving the surface an emissivity of 0.95. This emissivity was
used in all calculations.

The surface area of the test length was calculated using equation 36 below and remained
constant for all experiments performed. For the test length the surface area was 0.1278 m?.

Ay = md,L Equation 36
Where:

Aot is the surface area of the test length

do isthe pipe outer diameter

L isthe length of the un-insulated pipe (test length)
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6.6.1 Calculating upstream steam temperature

As the fluid flows through the upstream control volume, x, heat energy is lost from the fluid to
the pipe internal wall by convection heat transfer in the radial direction. The heat energy is
then transferred in the radial direction to the pipe surface by conduction heat transfer and
thereafter the heat energy is lost to the surrounding atmosphere by convection and radiation
heat transfer. Since energy is conserved, the total heat lost from the fluid in the upstream
control volume is equal to the heat lost through the pipe wall which is equal to the heat lost
from the pipe surface, assuming one dimensional heat transfer. This is shown in equation 37
below.

Qi =01;= Q15 Equation 37
Where:

Q 1,¢is the heat lost from the fluid by convection heat transfer for control volume 1

Q 1;is the heat transferred through the pipe wall by conduction for control volume 1

Q 15 is the heat lost to the surrounding atmosphere for control volume 1

The heat lost to the surrounding atmosphere is a combination of convection and radiation heat
transfer and can be calculated by equation 38 below.

Ql,s = hl,SAl,sx(Tl,s - Tamb) + 8‘)-“ll,sx(T‘{,s - szb) Equation 38
Where:

A 1 « is the surface area of the pipe for control volume 1

Ty is the upstream pipe surface temperature

h 15 is the free convection coefficient

Tamp is the air temperature in the vicinity of the un-insulated pipe

In the above equation, the convection coefficient (h; ) can be solved from the Nusselt number
correlation given in section 5.2, the surface area can be calculated using equation 36 in section
5.2 and the pipe surface temperature can be acquired by means of an infrared thermal camera.
Equation 38 can then be used to solve for the total heat loss from the pipe surface of the
control volume. From equation 37, the total heat lost from the pipe surface is equal to the total
heat lost through the pipe wall.
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The heat lost through the pipe wall by conduction heat transfer for the control volume can be
expressed by equation 39 below.

2nxk;

Ql,i = ln(r—(’)

T

( Tl,i - Tl,s) Equation 39

Where:
X is the length of the control volume
K; is the thermal conductivity of the material
roand r; are the pipe outer radius and inner radius respectively

Tyiis the pipe internal wall temperature for the upstream control volume

By rearranging equation 39 above, one can calculate the pipe internal wall temperature at
point 1.

The heat lost from the fluid by convection heat transfer can be expressed by equation 40
below.

Qi = 2Tl'rixhl,f (Tl,f - Tl,i) Equation 40
Where:
T1¢ is the fluid temperature at the upstream control volume

h 1¢is the fluid convection coefficient

Before removing the insulation of the downstream pipe, the flow is both hydrodynamically and
thermally fully developed. Once the insulation is removed, the heat transfer regime changes
abruptly and the flow, although being hydrodynamically fully developed, will not be thermally
fully developed anymore. Thus, the thermal entrance length will need to be considered.

If a fluid enters the tube, with a uniform temperature, greater or less than the tube surface

temperature, heat transfer will occur and a thermal boundary layer begins to develop. In the

thermal entrance region, the temperature of the central portion of the flow outside the

thermal boundary layer remains unchanged, but in the boundary layer the temperature either

decreases or increases sharply depending if the fluid is at a higher or lower temperature than
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the pipe wall. At the thermal entrance length, X4 , the thermal boundary layer has filled the
tube and the thermally fully developed flow condition has been reached. The convection
coefficient varies in the thermal entrance region compared to the fully developed region, were
it is a constant, and thus it is important to take the thermal entrance region into consideration.

Laminar and turbulent flow conditions defer significantly with regards to the calculation of
thermal entrance lengths. Due to the high pressure drop across the internally leaking valve, it
can safely be assumed that the flow will be turbulent. Reynolds number will be calculated in
the analysis that will follow and it will be proven that the flow is indeed turbulent.

For turbulent flow, results for X¢ ; are based on experimental data. In general lengths are much
shorter than their corresponding laminar flow values [29]. The following equation provides a
guide for estimating the thermal entrance length for turbulent flow.

(M) =10 Equation 41
D Jturb

In many applications, the tube length will exceed the thermal entry length. Hence, it is often

reasonable to assume that the average Nusselt number for the entire tube is equal to the value
Xrat

associated with the fully developed region. Only for short tubes, ( ) < 10, the Nusselt
turb

number for the thermally fully developed flow will exceed the Nusselt number for the thermal
entrance length, requiring that the entrance region effects must be considered [29][30].

For laminar flow there are many empirical correlations available in literature to calculate the
Nusselt number in the entry length. However, for turbulent flow majority of the literature
discard the thermal entry length as the entry length is usually significantly smaller than the pipe
length and an average Nusselt number is assumed for the entire tube. In the book ‘A Heat
Transfer Textbook’ [29], the author mentions that for 0.01 < Pr < 3.0, the Nusselt number
in the thermal entry length will be no more than 5 % above its fully developed value in
turbulent flow.

Bhatti and Shah [29] provide the following correlation for the Nusselt number in the thermal
entrance region, with L/D > 3 for air and other fluids with Pr = 0.7. In this technique the ratio of
length of un-insulated to pipe diameter is significantly larger than 3 and the Prandtl number for
steam at atmospheric pressure and temperature greater than 200 °C is approximately 0.9-0,95.

)n Equation 42
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Where:
Nup is the Nusselt number in the thermal entrance region
Nuy isthe Nusselt number in the fully developed region
C and n are constant depending on inlet configuration. For straight pipe C = 0.9756 and
n=0,760

By substituting values for the length and diameter of the un-insulated pipe and values for C and
n, the ratioll:lluﬂ , equates to 1.024, which means that the Nusselt number in the thermal entry
]

region is 1.024 times, or 2% greater than the Nusselt nurnber in the fully developed region.

The Nusselt number for forced convection in fully developed pipe flow can be calculated by the
empirical correlation given by Dittus-Boelter [23] shown in equation 44 below. The Nusselt
number for the thermal entry length, for the upstream increment, can then be calculated by

multiplying the Nusselt number for fully developed flow by the ratio %u—D. The convection

Uoso

coefficient can then be calculated using equation 43 below.

h __ Nuk .
1,f = _di Equation 43

Nu = 0.023 Re; [*°Pry ;° Equation 44
Where:

K1s isthe thermal conductivity of the fluid at point 1

d; isthe pipe internal diameter

Re 1+ is the Reynolds number for the fluid flow at point 1

Pr 1 isthe Prandtl number for the fluid flow at point 1

The Reynolds number can be calculated from equation 45 below.

Equation 45
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Where:
W 1¢ is the dynamic viscosity of the fluid at point 1

It can be seen that the Reynolds number is a function of the mass flow rate. The Prandtl
number, thermal conductivity of the fluid and the dynamic viscosity is a function of the fluid
pressure and temperature. The mass flow rate and the fluid temperatures are unknown and
needs to be estimated first and then solved iteratively.

The following is a procedure that can be followed to calculate an estimate of the mass flow rate
and the fluid temperature. The mass flow rate can be calculated using equation 26 derived in
section 5.2. This equation formed the bases of the mathematical model to calculate the mass
flow rate and it was shown in the experimental result that the mass flow rate calculated using
the mathematical model trended the mass flow rate acquired from the orifice plate. The fluid
temperature can be estimated to be the pipe internal wall temperature, T;;, which can be
calculated using equation 39 above.

Once an estimate of the mass flow rate and the fluid temperature is acquired, the Reynolds
number, the Nusselt number and the convection coefficient of the steam flow can be
calculated from equations 45, 44 and 43 respectively. Once the heat transfer coefficient is
calculated, equation 40 can be rearranged to calculate a first estimate of the upstream fluid
temperature (Ty4).

6.6.2 Calculating downstream steam temperature

The calculation of the downstream steam temperature will follow the exact same procedure as
calculating the upstream steam temperature explained above. All subscript 1 in equations 37 to
45 should be changed to subscript 2.

As is the case above, the mass flow rate and the fluid temperature for the downstream control
volume is unknown and has to be estimated. The mass flow rate estimate will be the same as
above and the fluid temperature can be estimated to be the pipe internal wall temperature
(T2;). The Reynolds number, Nusselt number, Prandtl number and heat transfer coefficient at
downstream conditions can then be calculated and equation 40, with subscript 2 instead of 1,
can be rearranged to calculate an estimated downstream steam temperature. It should be
noted that at the downstream location the flow will be thermally fully developed and equation
44 can be used to calculate the Nusselt number approximation and equation 42 can be ignored.

An estimated change in steam temperature can be calculated by subtracting the estimated
upstream steam temperature to the estimated downstream steam temperature. The
mathematical model can now be used to calculate a mass flow rate by using the change in
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steam temperature and neglecting the change in pipe surface temperature. This is shown in
equation 46 below.

4 4
m = hCAout (Tsurface avg_Tamb)+ saAout(Tsurface avg ™ Tamb) Equation 46
Cp Trf—T2f)

Initially, the mass flow rate calculated using the above equation will be an estimate since the
change in steam temperature along the length of un-insulated pipe was calculated from
estimated values. To acquire a more accurate mass flow rate value, an iteration process needs
to be pursued. This will require the estimated mass flow rate value calculated from equation 46
to be used to recalculate the Reynolds number, Nusselt number and convection coefficient for
the upstream and downstream steam flow using equations 45, 44 and 43 respectively. Once
these properties are calculated, equation 40, with subscript 1 can be used to recalculate the
upstream steam temperature and with subscript 2 can be used to calculate the downstream
steam temperature. The change in steam temperature can then be calculated and a mass flow
rate can be recalculated using equation 46 above. The above process can then be repeated
until the estimated mass flow rate converges to the resulting mass flow rate.

To simplify the calculation process, all the relevant equations were modelled in Microsoft Excel.
An example of the spreadsheet is shown in table 10 below. Excel has a built in iterative solver
that allows for repeatedly recalculating a worksheet until a specific numerical condition is met.
The spreadsheet requires inputs of the pipe surface temperatures of the un-insulated pipe, the
ambient temperatures and the pipe properties such as, length of un-insulated pipe, pipe
diameters, pipe thickness, pipe emissivity and the thermal conductivity of the pipe material.
The spreadsheet thereafter calculates an estimated mass flow rate by using equation 26, an
estimated Reynolds number, Nusselt number, convection coefficient for the upstream and
downstream steam flow, an estimated upstream and downstream steam temperature and a
resulting mass flow rate is calculated using equation 46. A circular reference is then created by
equating the resulting mass flow rate with the initial estimate of the mass flow rate, resulting in
a closed loop calculation. This allows excel to solve the mathematical model iteratively until the
estimated mass flow rate converges to the resulting mass flow rate.

6.6.3 Validation of method to calculate steam temperatures

The method to calculate steam temperatures derived above needs to be validated to
determine its accuracy in calculating the upstream and downstream steam temperatures and
resulting mass flow rate. This was done by applying the methods derived above to the Flownex

86



simulations conducted in chapter 6.5. The results from the simulation, upstream and
downstream temperatures of the steam, upstream and downstream temperatures of the pipe
surface, and the change of these temperatures are shown in Appendix D.

The pipe surface temperatures generated in Flownex was inserted into the model created in
Microsoft Excel to calculate the steam temperatures and a mass flow rate for an internally
leaking valve. Table 10 below shows the excel model created to calculate mass flow rate. It
should be noted that the excel model has a built in program called X-steam version 2.6, that
uses IAPWS IF97 steam tables to calculate relevant steam properties. Due to the size of the
spreadsheet, the spreadsheet was broken up into segments and is all shown under table 10.
Each column is numbered column 1 to column 113. The below table list each column number
and shows how that relevant column was calculated.

Table 9 : Explanation as to how columns are calculated in Excel model

| Column Column
ipti i i Descripti Abb nits Explanation
Number Description Abb units Explanation Number cription ul p i
1 Length of un-insulated L [m]} User input value 21 Thermal expansion coefficient B_a [1/K] Equation B.7
pipe
2 Outer Diameter of Pipe Do [m] User input vaiue 22 Prandtl Number Pr Equation 25
3 Inner Diameter of Pipe Di im] User input value 23 Raleigh Number Ra Equation 24
4 Pipe Wall Thichness t [m] User input value 24 Nusseit Number Nu Equation 23
- {W/m»2 )
5 Pipe emissivity € User input value 25 Convection coefficient h X Equation 22
Thermal conductivity of
6 e cp,peu Vit k-pipe [W/mK] User input value 26 Total Heat Loss Q_tot wj] Qrad_ps + Qconv,ps
H

N . £ [i/kg o

7 Ambient Temperature Tamb [r°c User input value 27 Specific heat of steam Cp_s g From steam tables
Upstream un-insulated .
change in pipe surface o
8 Pipe Surface T1,s rcl User input value 28 ATps f°cy Tl,s-T2,s
temperature
Temperature
Downstream un-

9 insulated Pipe Surface T2, °c] User input vaiue 29 Estimated mass flow rate m_est [kg/s] Equation 26

temperature

Average Pipe Surface Average temperature of Tl,s Length of increment on

10 e ip Ts,avg [°cl & P 30 8 ) x_1 [m] User input value

Temperature andT2,s upstream pipe surface

Surf; Al fun-
i1 u. ace Area ? un A_ps [mn2] A ps=[xDoxL 31 Surface Area of increment A_lx [mn2] A_ps=TIxDoxX_1
insulated pipe

Radiation Heat Transfer
) . Pipe Surface temperature at
12 from un-insulated pipe | Qrad_ps wj Equation 21 32 X T_1s rc Tl,s
y increment

surface

Convection Heat Radiation heat t for £
i at transfer from
13 Transfer from un- Qconv,ps wj Equation 20 33 Q_rad, 1s wij Equation 21

; increment

insulated pipe surface

Convection heat transfer from
14 Film Temperature Tfilm [k} Equation B.8 34 Q_conv,1s| (W] Equation 20
increment
Tkg/m73 : - -
15 Density of air p_a ; Equation B.1 35 Film Temperature Tf {k] Equation B.8
=

16 Specific heat of air Cp_a [i/kgK] Equation B.2 36 Density of air p_a 2 ’m 3 Equation 8.1
17 Dynarmic viscosity u_a [kg/sm] Equation B.3 37 Specific heat of air Cp_a [i/kgK] Equation B.2

Thermal conductivity of
18 i v k_a [W/mk] Equation B.4 38 Dynamic viscosity H_a [kg/sm] Equation B.3
19 Kinematic viscosity v_a [mr2/s] Equation B.5 39 Thermal conductivity of air k_a [W/mk] Equation B.4
20 Thermai diffusity a_a [m?2/s] Equation B.6 40 Kinematic viscosity v_a [mA2/s] Equation B.5
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Column

Column

ipti Al nits Expl. ion Description Abb units Explanation
Number Description bb uni xplanati Number p p
41 Thermal diffusity a_a [mn2/s] Equation B.6 61 Film Temperature T [k} Equation B.8
. kg/m"3 N
22 Thermal expansmn ga [11/K] Equation B.7 62 Density of air p_a kg Equation B.1
coefficient ]
43 Prandti Number Pr Equation 25 63 Specific heat of air Cp_a [1/kgK} Equation B.2
a4 Raleigh Number Ra Equation 24 64 Dynamic viscosity u.a [kg/sm] Equation B.3
45 Nusselt Number Nu Equation 23 65 Thermal conductivity of air k_a [W/mk] Equation 8.4
. ; [W/m42 A . - . ” .
a6 Convection coefficient h X Equation 22 66 Kinematic viscosity v_a [m»2/s] Equation B.5
Total i i
47 ota h?at transfer Qs wj Qrad_1s + Qconv,1s 67 Thermal diffusity aa [mr2/s] Equation B.6
from increment
Upstream Pipe wall . Y ., - .
48 . T 1, [°c Equation 39 68 Thermal expansion coefficient B_a [1/K] Equation B.7
internal temperature
From steam tables assuming
| Dynamic viscosity of T_lias steam temperature
L 49 ¥ oVt ity u_steam | [Pa.s] - P 69 Prandtl Number Pr Equation 25
steam flow = and pressure as
atmospheric pressure
50 Reynolds Number Re_steam Equation 45 70 Raleigh Number Ra Equation 24
From steam tables assuming
T_1ias steam temperature .
51 Prandt! Number Pr_steam 71 Nusselt Number Nu Equation 23
= and pressure as atmospheric
pressure
) , . [W/m*"2 )
52 Nusselt Number Nu_steam Equation 44 x Equation 42 72 Convection coefficient h X Equation 22
E From steam tables assuming
Thermal conductivity of T_lias steam temperature Total heat transfer from
team W/mK; - 7 2,5 W, rad, 2s + Q_conv,2s
53 steam ks [W/mk] and pressure as atmospheric 3 increment a wi o a
pressure
w/m»2 Downstream Pi Ilint | . N
54 Convection coefficient | h_steam fw/m Equation 43 74 'pe waltinterna T 2,i el Equation 39
- k] temperature
From steam tables
Upst te: assuming T_2i 1
55 pstream steam T_1f [rc Equation 40 75 Dynamic viscosity of steam flow | p_steam | [Pa.s] B 1_<las steam
temperature Estimate temperature and pressure
as atmospheric pressure
CEMEUT OT TICTeTeTTT O
56 Downstream pipe x_2 [m] User input value 76 Reynolds Number Re_steam Equation 45
From steam tables
Surface Area of assuming T_2i as steam
57 A_2s [m»2] A_ps=TxDoxX_2 77 Prandtl Number Pr_steam €
increment ternperature and pressure
as atmospheric pressure
ODownstream pipe
58 surface temperature T 25 [ T 2s 78 Nusselt Number Nu_steam Equation 44
increment
From steam tables
Radiation heat transfer assuming T_2i as steam
59 K Qrad, 2,s| [w] Equation 21 79 Thermal conductivity of steam | k_steam |/wW/mK] g1
; from increment temperature and pressure
]’ as atmospheric pressure
T COTIVECTIOTT TTEa T
! conv, ' ) ) w/ma2
! 60 transfer from 0“2 S {w] Equation 20 80 Convection coefficient h_steam f i] Equation 43
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Column Descripti Abb it Explanati Column Descripti Abb it Explanati
n
Number scription units xplanation Number escriptio units xplanation
Downstream steam w/mn2
81 R N T 2,f [ra Equation 40 101 Convection coefficient h_steam (w/m Equation 43
temperature estimate k]
Average temperature of T1,f .
82 Average steam temp rea € Z 2 : 102 Upstream steam temperature T_1,f ra Equation 40
and T2,
From steam tables using .
Wkgo average st v " From steam tables using
o eam temp an o
83 Specific Heat of Steam | Cp_steam 9 g P ) 103 Dynamic viscosity of steam flow | p_steam | {Pa.s] | T_2f_estand atmospheric
c] pressure as atmospheric
pressure
pressure
Change in steam
84 € AT [y T Lf-T_2f 104 Reynolds Number Re_steam Equation 45
temperature
Mass flow rate ) ‘ From steam tables using
85 estimate 2 _2est [ka/s] Eqgaution 46 105 Prandtl Number Pr_steam T_2f_estand atmospheric
pressure
I's equal to column 85 as first
Estimate mass fl estimate therafter is
86 ! ass tiow r_est [ka/s] . X 106 Nusselt Number Nu_steam Equation 44
rate for iterative solver iteratively solved with
column 113
From steam tables using
87 Internal Diameter Di [m] User input value 107 Thermal conductivity of steam | k_steam | [W/mK] | T_2f_est and atmospheric
pressure
Estimated upstream W/m»2
88 p T_1f est °c column 55 108 Convection coefficient h_steam [w/m Equation 43
steam temp k]
Estimated downstream
89 T_2f est [y column 81 109 Downstream steam temperature T 2f rc Equation 40
steam temp
Is equal to column 88 as first
90 tream steam temp | T_1f_est | [°C] estimate therafter is 1m0 | A team t e (T 1F+T_2/2
upstream ste. . verage steam temperature ) ,
P amtemp 14 iteratively solved with & P Y - -
column 102
|'s equal to column 89 as first .
X i From steam tables using
downstream steam estimate therafter is " [i/kg o
91 T_2f est 1) . § . 111 Specific Heat of Steam Cp_steam average steam temp and
temp iteratively solved with c " heri
atmospheric pressure
column 109 ? P
Heat loss f
92 .ea 0ss from Q_1s w} column 47 112 Change in steam temperature AT [c T 1f-7_2f
increment 1
Heat loss from N .
93 K Qs w} column 73 113 Mass flow rate m [kg/s] Equation 46
increment 2
9% Pipe upstream internal T c column 48
temp
Pipe downstream
95 p T 2i [rc column 74
internal temp
D . ity of From steam tables using
namic viscosity o
96 v Rl H_steam | [Pa.s] T_1f_est and atmospheric
steam flow
pressure
97 Reynolds Number Re_steam Equation 45
From steam tables using
98 Prandtl Number Pr_steam T_1f_est and atmospheric
pressure
99 Nusselt Number Nu_steam Equation 44 x Equation 42
. From steam tables using
Thermal conductivity of
100 v k_steam | {W/mK] | T_1f estand atmospheric

steam

pressure
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Table 11: Difference in Mass Flow Rates for Experiment 1

Mass Flow Rate calculated
from model, assuming . .

L Verification mass flow rate . . .
change in pipe surface temp e Difference in Flow Rates Percentage Deviation
- . from Orifice
is equal to change in steam

temp
lkg/s] [kg/s] [kg/s] %]
0.0048 0.0031 0.0018 57.0828
0.0068 0.0045 0.0023 50.2473
0.0090 0.0067 0.0022 33.4731
0.0112 0.0091 0.0021 23.4907
0.0125 0.0095 0.0030 31.7229
0.0127 0.0104 0.0023 22.2329

| Average | 0.0023 36.3750

Mass Flow Rate calculated . .
. Verification mass flow rate . . .
from model which calculates oo Difference in Flow Rates Percentage Deviation
from Orifice
steam temp
[ka/s] [kg/s] [ka/s] [%]
0.0040 0.0031 0.0010 31.1744
0.0057 0.0045 0.0012 27.3207
0.0078 0.0067 0.0011 15.7114
0.0099 0.0091 0.0008 8.7963
0.0111 0.0095 0.0016 17.0512
0.0113 0.0104 0.0009 8.7087
Average 0.0011 [ 18.1271

It can be seen from the above graph that the error reduces significantly by utilising the change
in steam temperature compared to the change in pipe surface temperature in the
mathematical model.

6.8 Interpretation of model and results

The experimental results in section 6.4 indicated that the mass flow rate calculated using the
proposed technique trended the actual mass flow rate, although an error existed which
decreased with an increase in mass flow rate. This error was found to be as a result of the
assumption which equated the change in pipe surface temperature to the change in steam
temperature across the length of un-insulated pipe. Computational simulations performed in
Flownex indicated that the change in pipe surface temperature deviated from the change in
steam temperature at low mass flow rates whilst equalling it at higher mass flow rates.

A method was derived in section 6.6 which calculated the steam temperatures at upstream and
downstream locations of the un-insulated pipe, using heat transfer equations, empirical

correlations and conservation laws. The method was tested using Flownex, and found to be
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accurate in calculating the upstream and downstream steam temperatures and the resulting
change in steam temperature across the length of un-insulated pipe. This allowed for the
rejection of the assumption that equated the change in pipe surface temperature to the change
in steam temperature in the mathematical model. This improved the accuracy of the mass flow
rate calculated from the mathematical model as can be seen in figure 48 and table 11.

The average difference in error, for all test points in experiment 1, shown in table 11,
decreased from 0.0023 kg/s to 0.0011 kg/s. The average percentage error for the actual mass
flow rate measured and the mass flow rate calculated from the mathematical model using the
change in pipe surface temperature was 36.3 % whilst the average percentage error improved
to 18.1 % for the mass flow rate calculated from the model using the change in steam
temperature across the length of un-insulated pipe. It should be noted that the mathematical
model uses heat transfer equations with empirical correlations and an error of 10 to 20 % can
be expected. Coupled to this the expected error from an orifice plate and associated
equipment is in the region of 3to 5 %.

Since the average error is below 20 %, it can be concluded that the mathematical model
proposed to calculate the mass flow rate of the leakage steam is suitable in approximating the
actual mass flow rate of the leakage steam. This validates the proposed technique as a suitable
method in determining internal leakages through steam valves.
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7. Practical Application on Power
Station

Majuba power station, where the author of this report is employed, was selected to conduct on
site testing of the proposed technique. Majuba is Eskom’s second largest power plant with an
installed capacity of 4110 MW. It is a coal fired power station with no dedicated mine and
currently purchases coal through short/medium term supply contracts. Coal is usually railed
and trucked to site, making the cost of electricity higher than power plants that have a
dedicated mine in close proximity. Therefore, improving efficiency of the current operating
plant at Majuba will have a greater financial impact than at other power plants.

7.1 On site tests

Before entering the HP turbine, the steam contains the most amount of energy in the entire
cycle. A leak at this point will have the most significant impact on plant efficiency. Steam is
transported by four main steam pipe lines from the boiler to the turbine; each line contains a
quarter of the HP turbines steam requirements. At the lowest point on each of these pipe lines,
a drain line is installed to facilitate draining of the pipe lines in shut down and emergency
conditions. Figure 49 below shows a schematic of the drain lines.

Tests, using the technique, were conducted on two of the four drain lines to identify which
motorised isolation valve was internally leaking.
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Table 13: Calculation of loss of revenue per annum for leakage rate of 0.039 kg/s

Energy lost from leakage flow

Upstream temperature before valve T o [°C) 540
Upstream pressure before valve P o [bar] 164
Enthalpy h o [KJ/kg] 3407.64
Leakage mass flow rate m [kg/s] 0.039
Energy lost through leakage flow P_leak |[KW] 132.90

Loss in Revenue Calculation

Energy lost through leakage flow P leak |[KW] 132.90
Turbine efficiency n_t [%] 92
Cost of electricity [R/KWh}] 0.89
Time on full foad [%] 31
Loss of revenue per hour R 33.73
Loss of revenue per annum R 295 503.47

In the above table, the enthalpy is a function of the temperature and pressure of the steam
flow. The turbine efficiency was acquired from the turbine manuals found in the power station.
Majuba is a load following station, generation is linked to demand, and it was calculated that
the generating unit is required to be on full load 31 % of the time. The cost of electricity,
acquired from the power station was fixed at R 0.89/KWh.

Table 14: Calculation of cost of excess coal per annum from leakage flow

Cost of excess coal required
P_excess

Energy required from excess coal coal [KW] 149.32
Boiler efficiency n_b [%] 89
Calorific value of coal Cv,coal |[MJ/kg] 33.3
Cost of coal per ton [R/ton] 351.03
Excess coal per hour [kg/h] 16.14
Excess coal per annum [tons] 141.41
Cost of excess coal per annum R49640.43

In the above table, the boiler efficiency was acquired from boiler manuals located in the power
station. The calorific value is the average calorific value for the coal received by Majuba for the
2012/13 financial year. Majuba Power Station currently pays R 351.03 per ton for coal.
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Table 15: Calculation of the cost of excess demineralised water required

Cost of Demin Water

Leakage mass flow rate m [kg/s] 0.039
Steam density p [kg/m3] 49.06
Leakage volumetric flow rate Q [m3/s] 0.0008
Leakage volumetric flow rate q [1/s] 0.80
cost of demin water per mega liter [R/MI] 483.81
excess water per annum [1] 25071564
Cost of excess demin water per annum R12 129.87

The average cost for 2013 to produce a mega litre of demineralised water at Majuba power
station was calculated to be R 483.81.

Table 16: Calculation of the cost of excess power required by BFP’s

Excess Power from BFP's

BFP mass Flowrate m [kg/s] 258
BFP Speed N 1 [rpm] 5340
BFP Power consumed P 1 [KW] 5562
Feed water Density p 1 [kg/m3] 928.74
BFP volumetric flowrate V1 [1/s] 277.80
Leakage volumetric flow rate [1/s] 0.40
NEW BFP volumetric flow rate V.2 [1/s] 278.19
New BFP Speed N 2 [rpm] 5347.64
New Power consumed P2 [KW] 5585.91
Excess Power consumed per pump P excess |[KW] 2391
Excess Power consumed by both pumps [KW] 47.82
Cost of excess power consumed by BFP'S [R/h] 42.56
Cost per annum R372834.24

Above data for BFP’s were acquired from the pump manuals located on the power station.
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Table 17: Total financial loss per year for valve LAB 84 internally leaking steam at 0.039 kg/s

Revenue loss at full load (30% of time) R 295 503.47
Cost of excess coal required R49 64043
Cost of deminerilised water R12129.87
Cost of excess auxillary power required R372834.24
Total Cost R730108.02

It can be seen from the above that a relatively small leakage flow of 0.039 kg/s results in a total
financial loss of R 730 108.02 per annum. The cumulative leakages from all boiler drain valves
will result in substantial financial losses to the power plant and could possibly provide a
significant saving if problematic valves are identified and refurbished timeously.

It should also be noted that table 15 indicates that for a leakage of 0.039 kg/s, there will be 25
million litres of excess water being used by the power station. This alone can justify one to give
internally leaking valves due regard and consideration as the country is currently suffering
severe water shortages.
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making a decision as to the most suitable time to address the losses by repairing or replacing
identified internally leaking valves.
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9. Conclusion

The objectives of this research were to develop an understanding of high energy valves and
identify valves that are main contributors to energy losses in a power plant, to evaluate, by
practical application, the suitability of different techniques to detect and quantify internal
leakages through valves and to evaluate all losses associated with valves that are leaking
internally.

An assessment of the water-steam cycle on a power plant indicated that the highest amount of
energy added to the cycle is in the boiler which increases the energy contained in the working
fluid from 1074 kJ/kg to 3400 kJ/kg. Any leakage of fluid around the boiler will result in the
greatest loss to power plant efficiency. For this reason, this study identified boiler drain valves
as the main contributors to energy losses in a power plant and focussed on finding a suitable
technique to detect and quantify internal leakages through them.

A literature survey was conducted and it was found that techniques previously developed to
detect and quantify the onset of internal valve leakages use mainly acoustic emission and
infrared thermography technologies. This research mentions all techniques available, evaluates
each one and chooses the most suitable one based on a set of criteria established for boiler
drain valves. Amongst other requirements, the proposed technique needs to be relatively
simple and straight forward and should not be reliant on pressure gauges, thermocouples,
sensors etc. having to be installed into the piping network which would be not feasible and too
cumbersome a solution.

The technique chosen was proposed by Sherikar [17] which uses infrared thermography to
measure pipe surface temperatures of an un-insulated length of pipe located downstream of
an identified valve. The underlying principal of the technique is that heat loss from the un-
insulated pipe will cause a temperature drop of the flow through the un-insulated pipe which
corresponds to a loss of enthalpy of the steam flow, and a means to calculate the flow rate of
the leakage flow. Using fundamental principles and relevant heat transfer equations with
empirical correlations, a mathematical model to calculate the mass flow rate was derived. This
model was theoretically derived and needed to be experimentally validated, before it could be
used in a power plant environment.

An experimental test rig was designed and connected to a mini power plant to validate the
proposed mathematical model. The results obtained from the experiments indicated that
although the mass flow rate calculated using the model trends the actual mass flow rate
measured, there was a significant error between the two results. The error was found to be as
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a result of an assumption used in the mathematical model which equated the change in steam
temperature across the length of un-insulated pipe to the change in pipe surface temperature
across the same pipe length.

A method was derived to calculate the upstream and downstream steam temperatures of the
un-insulated pipe from the pipe surface temperatures. This method was applied to a
computational simulation and found to be accurate in calculating the upstream and
downstream steam temperatures of the un-insulated pipe. The mathematical model was then
changed to use the change in steam temperature along the length of un-insulated pipe instead
of assuming that the change in pipe surface temperature is equal to the change in steam
temperature. The mathematical model, which used the change in steam temperature, was
applied to a set of experimental data and the resulting mass flow rate calculation of the leakage
flow was found to be more accurate than the previous mathematical model, which used the
change in pipe surface temperature. The average percentage error for the actual mass flow
rate measured and the mass flow rate calculated from the mathematical model using the
change in pipe surface temperature was 36.3 % whilst the average percentage error improved
to 18.1 % for the mass flow rate calculated from the model using the change in steam
temperature across the length of un-insulated pipe. It should be noted that the mathematical
model uses heat transfer equations with empirical correlations and an error of 10 to 20 % can
be expected. Since the average error is below 20 %, it can be concluded that the mathematical
model proposed to calculate the mass flow rate of the leakage steam is suitable in
approximating the actual mass flow rate of the leakage steam.

The proposed technique was applied to two main steam drain lines on the unit 1 generator at
Majuba power station. It was found that the surface temperatures on a length of un-insulated
pipe downstream of the drain valve LAB 83 was at ambient temperature whilst downstream of
valve LAB 84 the surface temperatures were 148 °C for the upstream of the un-insulated pipe
and 135 °C for the downstream of the un-insulated pipe. From this it was evident that valve
LAB 83 is not internally leaking whilst valve LAB 84 was internally leaking steam. Applying the
proposed technique it was found that valve LAB 84 was internally leaking steam at 0.039 kg/s.
This indicates that the technique can be utilised on a power plant environment.

The loss of high energy steam from internally leaking valves, results in a loss of power plant
efficiency. More energy needs to be added to the system to maintain the generating capacity,
resulting in a higher consumption of coal, higher auxiliary power consumption to feed the
excess water required and higher demineralised water consumption. The loss of high energy
steam can also impede the power plant from attaining maximum generation capacity due to
limitations in plant components. It was found that for a relatively small leak of 0.039 kg/s from
valve LAB 84 there is a total financial loss of R 730 108 per annum. It is thus fair to assume that
the financial losses from a combination of all valves that are leaking internally in a power plant
would be substantial.
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Due to the vast amount of boiler drain valves installed on a power plant, it will be a massive
task to test each valve for internal leakages. For this reason a process for plant personnel to
follow in identifying internally leaking valves has been proposed in chapter 8. The process firstly
requires plant personnel to identify drain valves that are required to isolate high energy steam
from process and instrumentation diagrams. Thereafter the surface temperatures of the
identified valves casings should be measured. An elevated temperature on the valve casing will
indicate a possible leakage as explained in chapter 8. Once a possible leakage has been
identified, the proposed technique can be used to calculate the flow rate of the leakage flow.
The flow rate can then be used to calculate the accumulative financial losses which will be
experienced from the leakage steam. This information can be used by management to make an
executive decision either to shut down the generating unit to complete all maintenance
activities or to continue operation beyond a planned maintenance interval as is currently the
norm.
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10.Recommendations

The proposed technique has been experimentally validated in this research for calculating a
fairly accurate mass flow rate of a leakage steam flow through an internally leaking valve
expanding to atmospheric pressure. The experiments conducted were done on a mini steam
plant that only allowed for the generation of steam at a maximum temperature and pressure of
250 °C and 6 bar respectively, which was allowed to flow through relatively small pipe
diameters of 15mm. Typically, in a power plant the temperatures, pressures and pipe
diameters are greater. Rudimentary computational simulations performed in Flownex indicated
that the proposed technique can be successfully utilised for all steam temperatures above the
saturation temperature of the fluid and for all pipe diameters, hence the proposed technique
can be utilised on a power plant environment. However, it will be useful for a live test rig to be
installed on a power plant to validate the technique for use in a power plant environment. This
will allow for greater confidence in the use of the proposed technique.

Chapter 8 proposes steps to follow in implementing a valve monitoring program on a power
plant. It will be of value for a comprehensive maintenance procedure to be drawn up by
relevant personnel in the power station to effectively assist maintenance personnel in
implementing this valve monitoring program. The maintenance procedure should encompass
all valves that could potentially have the greatest impact on power plant efficiency, methods
and procedures of conducting the proposed technique and the relevant equations that make
up the mathematical model to calculate a leakage flow rate from an identified internally
leaking valve.

For the valve monitoring program to add value to the operation of the power plant an
interpretation of the leakage flow rate and the financial impact is paramount. It is
recommended that plant management understand the impact of internally leaking valves to
the bottom line, and decide at what point it is no longer feasible to continue operating the
plant with internally leaking valves. When the cumulative losses for all valves that are internally
leaking exceed this point, the power plant should be shut-down to repair identified valves. This
will ensure that the proposed technique is used effectively in eliminating losses caused by
internally leaking valves and will allow for cost savings and excess power generating capacity.
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