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Abstract

Erosion in a wet steam turbine (which commences with the 

deposition of nucleated fog droplets on the stator blades) is still a 

serious problem in the modern power stations especially nuclear and 

geothermal. A theoretical study is undertaken of the diffusive 

deposition of nucleated fog droplets on a low-pressure steam turbine 

blade operating between terminal conditions 0.233 bar, 3% wetness and 

0.1 bar. Nucleation is assumed to occur at the entry to the blade 

passage and fog droplets in the diameter range 0.01-1.0 pm invade both 

concave and convex boundary layers in addition to the free stream.

The size of droplets in the boundary layers are polydispersed whilst 

in the free stream they are monodispersed. Droplets in the boundary 

layer are subjected to diffusion and deposition.

The literature concerned with droplet generation, size measurement, 

diffusional deposition, phenomenon of thermophoresis and evaporation 

or condensation of large and small droplets is briefly discussed. A 

brief historical review is included of the erosion problem, the 

simulation methods used to find the distribution of droplet deposition 

on the surfaces of fixed blades and the ways of reducing or preventing 

erosion on the rotor blades.

An experimental investigation was carried out to study the 

effect of thermophoresis on the deposition of the particles on a 

heated blade surface of a large LP turbine stator. Prediction of the 

particle deposition on heated and on unheated surfaces using the 

whole thickness of the boundary gave satisfactory results.

The likelihood of interaction between the droplets is small
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and the existence of the droplets has no effect on the development of 

the boundary layer. The characteristics of the boundary layer along 

the concave and convex surfaces were predicted using Head's entrainment 

method since the flow inside the blade passage was turbulent. 

Laminarisation occurs along both blade surfaces and it was found that 

there were two inverse transition points along each surface. 

Laminarisation has a great effect on the development of the boundary 

layer and on the heat transfer from the blade surface. If the blade 

surface temperature is raised above the adiabatic temperature by 

internal heating, the droplets in the boundary layer are subjected 

concurrently to thermophoresis and phase change. The amount of heat 

from the blade surface depends mainly on the degree of laminarisation 

and the size of entrained droplets. The boundary layers were divided 

into cells of 5 pm height-wise (y-axis) and varying magnitude flow-wise 

(x-axis). The effects of the coupled phenomena; evaporation/ 

condensation, diffusion (Brownian + eddy) and thermophoresis were 

traced using a comprehensive computer program for the complete fluid 

transit for blade temperatures of 66-85°C. Calculations show that 

deposition can be inhibited by a modest degree of heating (i.e. t = 

80°C) which for 1.0 pm entrained droplets is ^ 2.1 kW per metre of 

blade length. Accordingly the mass flow rate of the heating steam, 

which is extracted at the entry of the penultimate stage, is about 

0.11% of the mass flow rate of the working steam. However the mass 

flow of the boiler is increased by about 0.04% in order to recover 

the turbine output loss due to blade heating. The efficiency of the 

last stage was found to be increased by about 0.2% which is sufficient 

to increase the turbine output by about the same amount as the loss

due to blade heating. A practicable proposal of designing the hollow 

diaphragm is presented.
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The economic calculations show that investment in this blade 

heating method is profitable under all conditions. However, it is 

found that if the blade heating had been employed in the first 

generation of large turbines (i.e. in 1967), the investment would 

have resulted in a very large profit. Today the investment would 

generate a small profit with probability of success of 85% (or 99.9% 

if the increase in the last stage efficiency is considered) when 

uncertainty in the engineering and economic factors are taken into 

account. Finally, it is found that steam blade heating is the most 

promising method to prevent steam turbine erosion without engineering

or economic risk.
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CHAPTER ONE 

INTRODUCTION

1.1 PRESENTING THE PROBLEM

The extensive development of world power generation based on 

nuclear and geothermal plants has highlighted the problems of creating 

and perfecting wet steam turbines. The problem of designing wet 

stages lie s  partly in the large peripheral ve locities and partly in 

the increasing moisture content which is  economically permissible 

in turbines of modern power stations. Blade erosion and low stage 

efficiency are the two main problems associated with wetness in steam 

turbines.

The process of steam expansion in turbines of this type 

(condensing steam turbines) usually begins from the saturation line  or 

from a very small degree of superheat and lie s  in the two-phase domain 

of states. I t  should be borne in mind that problems of wetness apply to 

the la s t  stages of both large low pressure turbines in fo ss il power 

plants and to the H.P. turbines found in nuclear and geothermal power 

plants.

The problem of re liab ly  protecting rotor blades from erosion 

has not been solved, so the search for practical measures for reducing 

or preventing erosion remains one of the most important problems facing 

turbine designers.

The erosion process in the wet steam turbine commences with the 

deposition of nucleated fog droplets (0.01 - 1.0 urn diameter) on the stator 

blades. The mechanism which leads to this phenomenon has been subjected 

to extensive studies (1 to 10) in order to find ways of reducing or 

preventing erosion which is  regarded as one of the factors lim iting further
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progress in design of modern turbines.

Very large turbines currently being designed and manufactured, 

typically produce 600 - 660 MW of e lectric ity  and have final stage moving 

blades approximately one metre long. In such turbines, blade replacement 

is undesirable from both an economic and a technical point of view.

The cost of rotor replacement is  high, since materials, manufacturing 

and outage costs attain a huge sum of loss costs. Therefore, the wet 

stages must be designed so that eroded blades need to be replaced only 

after an economically acceptable operational l i fe .  Many practical 

ideas have been suggested and used to reduce or prevent erosion of the 

moving blades. Some of these have been reviewed by Refs. (11 - 13) 

and some of the more recent methods w ill be presented in Chapter Three.

1.2 EROSION CYCLE

I t  is  clear from the literature that the erosion rate depends 

on several factors:

(1) The velocity of impact of the water drops.

(2) The size of the drop.

(3) The mass of the impacting water.

(4) The impact angle and blade geometry.

(5) The geometry of the axial gap between the fixed and moving blades.

(6) The mechanical properties of rotor blades.

Figure 1.1 shows +he erosion parameters and the effect of flow 

conditions on forming a water film.

Blade erosion in wet steam turbines is  known to be preceded by 

the deposition of fog droplets (0.01 - 1.0 pm diameter) on the fixed blade 

surfaces. The fog droplets are small and move nearly at the steam
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velocity and hence cannot cause damage directly. Due to rapid 

acceleration and sharp curvature encountered by the steam as i t  flows 

through the fixed blade passage, few of the fog droplets deposit by impact on 

the fixed and moving blade surfaces. A high proportion of the water 

deposited on the other surfaces of the turbine is  successively 

re-entrained and re-deposited whilst further deposition of fog droplets 

occurs. The mechanisms promoting deposition depend on droplet size, 

on the nature of the flow and on the concentration of droplets in the 

free stream flow. The process of deposition has been studied in this 

work and by a number of investigators (2, 3, 4, 7, 14, 15). The 

investigations show that diffusion (eddy and Brownian) and eddy impaction 

are the main mechanisms of deposition of fog droplets on the blade 

surfaces where they subsequently form a water film.

The water deposited on the moving blades is  centrifuged towards 

the casing w hilst that deposited on the fixed blades moves across and 

along their surfaces towards the tra ilin g  edge under the action of fog 

impaction, steam drag and by the existing pressure gradient. Water 

eventually leaves the tra ilin g  edges of the fixed blades and breaks up 

to form a d istribution  of drops typ ica lly  up to 2.0 mm in diameter.

The calculation of the size of the largest drops in the flow depends upon 

a c r it ic a l value of the Weber number for the drop (Wecr) and the ratio  of 

time of motion of the drop at it s  re lative velocity to the time required 

for deformation of the drop. From estimation of the time ratio and the 

c r it ic a l Weber number (Wecr is  considered to be in the range of 10 - 30), 

K ir illo v  and Faddeev (16) have given a formula for calculating the size 

of the largest drop in the flow:

0.5 a Wecr
max w 2 

pg V e l
( 1 .1 )
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The drops from the fixed blade tra ilin g  edge are in su ffic ien tly  

accelerated by the steam and therefore impinge onto the moving blade at 

a large in let angle and at a relative velocity higher than the steam as 

shown in Figure 1.2. Analysis of the velocity triangles (Figure 1.2) 

reveals that the coarse drops strike the moving blades almost perpendicularly, 

resulting in an impact force large enough to cause erosion.

The continuous impaction of water drops onto the surface of 

the blade at high speed leads to cracking of the grain structure of the 

blade material followed by grains being removed and f in a lly  wholesale 

removal of material. The development of erosion on material specimens 

has been investigated in a number of test r ig s  (Refs.v 16 to 27).

In general, erosion can be considered in three phases which are 

shown in Figure 1.3. In sign ifican t material is  lo s t  in the f i r s t  phase; 

the second phase is  characterised by the maximum rate of material loss 

which remains constant during a given period. For various reasons the 

erosion rate then decreases during the subsequent time of the third phase.

The f i r s t  and second phases are very short compared with usual turbine 

operating times, and therefore only the third phase is  of relevance when 

the erosion of a turbine blade is  evaluated.

The complexity of the processes which cause blade erosion make 

i t  extremely d if f ic u lt  to develop a general method for determination of the 

erosion rate in steam turbines.

1.3 PREVENTION OF EROSION

Heightened concern about steam turbine blade erosion arose in 

the early six tie s because of the considerable increase in blade tip  speed, up 

to 550 m/s was encountered, together with increased moisture levels in
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nuclear and geothermal turbines. A reduction in erosion can be brought 

about by suitable adjustment of the erosion parameters.

The erosion can be modified by influencing the size of the 

droplets which are produced from the f i r s t  nucleation by suitably locating 

the position of Wilson point along the expansion line. I f  nucleation 

occurs in the region of high expansion rate, the sizes of the created 

droplets are very small and vice-versa. Some investigators believed 

that nucleation with very fine droplets could reduce the destructive 

erosion. In the present work the author found the situation is  not as 

simple as that, since very small droplets have a high tendency to deposit 

on blade surfaces by diffusion and they grow very quickly due to their 

large relative interface area with the vapour. However, supersaturation 

losses are small compared with those from bigger droplets,and fine 

droplets (0.01 - 0.1 ym diameter) can be easily  eliminated by increasing 

the vapour temperature to be just above the local saturation temperature. 

Therefore, the size of fog droplets has a considerable effect on:

(1) The extent of supersaturation losses.

(2) The quantity of deposited water.

(3) The magnitude of heat input to the blade surfaces for evaporating

the droplets.

The principal methods of reducing or diminishing the erosion

are:

(1) Protecting the leading edge of the moving blades.

(2) Increasing the axial gap length.

(3) Decreasing the surface area of the fixed blade.

(4) Removing the deposited water mechanically from the fixed blade

surfaces.
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(5) Evaporating the fog droplet before deposition.

(6) Modifying the rotor blade leading edge in order to disperse the

deposited water rad ia lly  by centrifugal force.

(7) Increasing the absolute velocity of the coarse drops or

atomisation of the large drops inside the axial gap.

(8) Using anti-erosion protection based on e lectro lytic  chrome

plating.

These methods w ill be discussed in Chapter Three in more detail.

1.4 THE PRESENT WORK

The present study is  one of a series of projects which have 

comprised long term research programme at the University of Liverpool to 

investigate the deposition of fog droplets on fixed blade surfaces.

The purpose is  to establish an e ffic ien t method of discouraging or 

preventing deposition in order to overcome the erosion on the moving 

blade. These studies (3, 4, 7, 15), have employed experimental 

simulation techniques in which so lid  uranin particles have been injected 

into a flow of a ir over a test cascade of turbine stator blades. In the 

work reported herein, the technique used in Refs. (3, 4), were modified 

and used successfully to obtain experimental resu lts. These results 

are compared with the earlier investigations and also with theoretical 

results developed in th is thesis.

I t  was realised, however, that the works in references 

(3, 4) could not provide satisfactory simulation of the real steam case 

insomuch as the aerosol partic les, unlike fog droplets, were not subjected 

to phase change. To complete the series, a theoretical study is  now 

made of the behaviour of the fog within the boundary layer, treating
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concurrently the principal coupled phenomena of droplet phase change, 

diffusive deposition and thermophoresis for different temperature of 

blade surface. The intention is  to discourage fog droplets from 

alighting on the blade surface and hence suppress the formation of coarse 

water.

Realistic  financial costs and operating data are established to 

investigate the balance between the saving in costs due to the need of 

an earlier re-blading of the rotor blade for unheated fixed blade, and 

the enhanced aggregate expenditure incurred by providing the additional 

equipment and fuel needed for heating the fixed blade.

The remainder of the thesis is  divided as follows:

Chapter Two gives a brief survey concerning the mechanisms by 

which droplets are entrained in the steam flow and subsequently deposited 

on surfaces. Also included is  a survey of the phenomenon of thermo­

phoresis. In effect, this Chapter brie fly  examines the various theories 

of deposition of small particles and the theory which has been developed 

to study the effect of temperature gradients on the size and the movement 

of the droplets in the flow.

Chapter Three presents a comprehensive review of the methods 

which have been developed for measuring the deposition rate of fog droplets 

on the blade surfaces, and for controlling the erosion within the turbine. 

The survey considers most of the methods developed since 1964 up to the 

present time. Wood (11, 12), has made an excellent review of most of 

the methods used or suggested before 1965.

Chapter Four involves the experimental work for measuring the 

distribution of fog droplets on fu ll scale fixed blade surfaces by using
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a simulation method.. The sizes of the particles were measured using an 

electron microscope. The previous experimental technique, (3, 4, 7),

for measuring the particle size and the deposition rate on adiabatic 

and heated surfaces have been modified s ligh t ly . Comparisons have been 

made between the experimental results of the present work and those from 

Ryley and El-Shobokshy (3) and Davies (4), when the incidence angle to the 

cascade is  -15° and Parker and Lee (7), when the incidence angle is  zero.

The value of the thermal conductivity of the uranin particle  

was measured by using a convenient experimental method in order to analyse 

successfully the behaviour of the particles in the boundary layer on 

heated blade surfaces.

Chapter Five presents the theoretical analysis of the blade 

passage flow and predicts the boundary layer characteristics. I t  

contains:

(1) Analysis of the flow fie ld  in the blade passage using a

teledeltos paper technique.

(2) Prediction of the steam properties before and after the

condensation shock.

(3) Prediction of the degree of re lie f of supersaturation along the

passage, and outside the boundary layer.

(4) Prediction and theoretical analysis of the hydrodynamic boundary

layer characteristics on the surface of the blade. The 

laminarisation phenomenon and it s  effect on mass transfer of 

the vapour has been taken into consideration.

(5) Correlation between the boundary layer parameters, the droplet

geometry and the acceleration parameter.
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Chapter Six involves the calculation of heat transfer from the 

blade surface to the wet steam flow. I t  contains:

(1) Prediction of the distribution of free stream temperature and

heat transfer from the blade surfaces, and the effect of the 

droplet size on their values.

(2) Derivation of the equations for calculating the d istribution of

stagnation temperature in two-phase flow.

(3) Analysis of the effect of highly accelerated flows on the rate

of heat transfer.

(4) Prediction of the variation of temperature profile  of the wet

steam inside the thermal boundary layer due to heating.

(5) Suggestions and discussions of the practical heating methods

which can be employed for th is purpose.

$
Chapter Seven is  concerned with the mathematical model and the 

computer program for predicting the combined effects of phase change, 

diffusion and thermophoresis on the moving droplet. This involves:

(1) The size d istribution of the fog droplets, shortly after nucleation,

across the blade passage.

(2) Analysis of the behaviour of fog droplets inside the boundary

layer which involves the mechanisms of droplet movement and 

phase change.

(3) A method for controlling the size of the conceptual ce lls  inside

the boundary layer.

(4) The numerical method and its  translation into a computer program.

(5) The analysis of the theoretical results which trace the history

of the fog droplets inside the boundary layer.
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Chapter Eight considers the argument of the economics of the 

relative cost of re-blading for a conventional turbine, compared with the 

cost of additional instrumentation, equipment and fuel consumption for the 

new turbine with heated hollow blades. The information necessary to 

determine whether or not the heating method is  attractive to the turbine 

manufacturer, includes:

(1) The minimum temperature of the blade surfaces.

(2) The heating method.

(3) The variation of the stage efficiency.

(4) The magnitude of heat consumption.

(5) The operating conditions of the actual turbine.

(6) The actual cost of fuel, re-blading, outage time and hollow

diaphragm.

(7) The financial rate of interest and in flation .

Chapter Nine summarises the work and presents the main 

conclusions and suggestions for further work.
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CHAPTER 2 

GENERAL SURVEY

This Chapter presents a general survey of the literature concerned 

with the generation and size measurement of so lid  or liqu id  particles.

The transfers of heat and mass in two phase flow need to be understood 

and a review of papers published during the la s t  fifteen years regarding 

tjie phenomena of d iffusion, thermophoresis and phase change is  presented. 

The combined effect of diffusion and thermophoresis has been studied by 

many investigators (4, 28, 29, 30). This Chapter also discusses the 

studies of the behaviour of droplets under different flow conditions.

2.1 Generation and Size Measurement of Particles

Using wet steam with known in it ia l droplet diameter and known 

flow parameters would permit an accurate study of the d istribution  of 

the deposition rate of fog droplets on turbine blade surfaces. Ryley 

and Parker (15) discussed the d if f ic u lt ie s  of using water droplets in 

steam for assessing the deposition rate on the blade surface. They 

recognised that a simulation method using so lid  particles representing 

the fog droplets might give acceptable results. This method, which is  

adopted by the others (3, 4, 7), requires information regarding the 

material and techniques for generating the so lid  partic les. The most 

suitable material can be selected by taking into consideration the 

following points:

1. The so lid  particles must dissolve easily  in water or in other 

liqu ids.

2. The solution has to emit a fluorescent lig h t  suitable for 

fluorimetric analysis.
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3. The generated particles must not be absorbed by the blade surface.

4. The material must not be toxic, radioactive or harmful.

5. The material should not be expensive.

Wohlers et al (31) discussed the technical and economical 

advantages of some suitable tracer materials.

2.1.1 Generation of aerosol particles

A number of techniques are well known for generating control!ed- 

size aerosol particles. In th is section the methods of generating very 

small particles only are discussed. Some of the apparatus and 

techniques are as follows:

1. Condensation generators:

These rely on either self-nucleation or an external source of 

nucleation to produce submicron liqu id  particles.

(a) Se lf nucleation: Aerosol is  produced when a saturated 

vapour is  mixed with a cool dry gas stream, or by using a 

special design of a nozzle or set of nozzles to expand the 

steam rapidly with a certain value of expansion rate, p ,(14).

The location of the nucleation and the sizes of the created 

particles are dependent on the degree of the supersaturation 

and the expansion rate, p. Generally, this technique produces 

submicron particles with a diameter range 0.01 - 2.0 pm.

(b) External nucleation can be produced by a number of techniques 

and apparatus. A S in c la ir  and La Mer generator (32) was an 

early technique used to produce submicron liqu id  particles

and has since been modified by many investigators*, the deta ils
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can be found in Ref. (33). Fuchs and Sutugin (34) gave a 

comprehensive survey of most of these types of aerosol 

generators. Generally, highly monodispersed particles with 

SDG% 1.1 can be produced by these methods and techniques.

The sizes of the particles are mainly dependent on the 

evaporation temperature of the liquid  used and the super­

saturation ratio.

2. Generation of monodisperse aerosols by atomisation of suspensions

Solutions of different substances can be atomised mechanically 

under the action of hydraulic pressure, a centrifugal or aerodynamic 

forces. The liquid is  drawn into narrow ligaments or film s, which 

subsequently disintegrate into droplets under the action of the surface 

tension. The so lid  partic les, therefore, can be produced by subsequent 

drying of the mist and this process should lead to highly monodisperse 

particles. Some of these techniques and apparatus are:-

(a) Atomiser Impactor

Developed by Whitby et al (35) for the testing of dust f i l t e r  

units and used by a number of investigators (3, 4, 7, 15). This technique 

is  based on the atomisation of a dilute suspension and evaporation of the 

liquid droplets. The resultant aerosol cloud is  composed of minute so lid  

particles of the original solute. The size of the particles can be varied 

by altering the strength of the solution and the gap between the impactor 

plate and the casing of the impactor. A size range of 0.01 - 1.0 pm 

mass median diameter (moderately monodispersed with geometric standard 

deviation Spg< 1.5) can be obtained from the atomiser impactor technique. 

This method has been used in the present work.
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(b) Spinning disc atomiser

Different models of spinning disc atomisers have been modified and 

developed, (35). A dilute suspension is  separated as a thin film  on a 

sharp-edged small disc by the action of a centrifugal force. The liqu id  

is  spun off as a mixture of primary homogeneous droplets of 1.1. 

Submicron so lid  particles remain from the evaporated droplets. Particle  

size can be varied by changing the solution strength, solution feed 

rate, size of the disc and the rotational speed.

(c) Vibrating o rifice  monodisperse aerosol generator

u
Designed by Berglund and Lin (36) to produce monodisperse aerosols. 

Production and size control of the particles can be achieved using th is 

technique. El-Shobokshy (37) gave a good description of the generator 

components and the operation conditions. The generator is  able to 

produce particles having a size range of 0.5 - 50 ym diameter.

3. Dispersion of monodisperse powders

Powders with any desired degree of d ispersity can be prepared, 

although at a great expenditure of time and cost. The d if f ic u lt ie s  are:

1. The shape of the particle cannot be controlled.

2. Dispersion of the particles with r < 0.5 ym is  very d if f ic u lt .

3. Humidity impairs the partic le 's  dispersion considerably.

Therefore, this technique is  not practicable for the generation 

and dispersion of submicron particles.

2.1.2 Particle size measurements

Numerous methods ex ist which can be used to measure the size of 

particles. These methods can be c la ss ifie d  into four groups, namely:
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1. Mechanical methods (direct and indirect measuring).

2. Electrical methods (indirect and automatic measuring).

3. Thermal methods (indirect measuring).

4. Photographic and optical techniques (direct and automatic measuring).

Each of these groups require special techniques and instruments 

to be used. Some of these methods are listed  in the following table:

a
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Method Technique 
employed

<
Description Size

range
Reference
number

A sample of the liquid  spray is 

collected on a g lass slide  coated 

with a material which records the 

drop size by mechanical deformatior
l/)
E of the surface film. This deformati )n E+->
LO
>> is then measured microscopically. 3.i.

<D O 38, 39
LO

<U The coating material may be:
+ J  . 
(O  LO  
0 ) and"O

LO
1. Lamp black (kerosine flame). s. c:

C J  fO 
- C 39a

* 0eu 2. White vaseline. 4->
+■>
0 3. Magnesium oxide.
0

This method depends on the 

coefficients of capture and
LO impression.
O

O
:r A set of o rifices are used to
h“
LU

eu3O* increase the velocity of the
s: •r*C

_ C
flow, and arranged to obtain

-U
O<U+-> different impact velocity for

c LOS- different droplet sizes. The f=s- 3.
O)O

►—t
0+->
0 relative mass of sample on each -t-> 0  

<0 0<D r- 40
Z
<c
3 :

0 .
E

0 )

stage can be obtained by 

gravimetric, chemical, micro-

S-
0  c

fOxz+->
-0

0 fO
0 scope, etc. This method

LU

z:
LO<TJO measures indirectly the size 

of the droplets.

Si
ev

e
si

z
in

g Used for large so lid  

p artic le s.

G
re

at
er

 
la

n 
50

 y
m

+->
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Method Technique 
employed Description

Size
range

Reference
number

By varying the voltage on a plate 

ion counter the current-voltage 

relation can be obtained when •/ . /

$ charged particles pass through. l/)<D
•r— The analysis of the current-

Kl•r-to
OE voltage curve by the method of c

0 41
r—rd tangents gives the mobility 0•r—
0
u distribution of the particles. E-Q3-p
0<u I t  is  re lative ly  easy to

t/>

UJ operate and can be applied to 

any aerosol that can be charged.

A device for particle counting Coo
O and siz ing which determines the

rcsz
+> € 38o number and size of particles

¡3.%.<U 0
:c
I—

S- i. CU Ol +J -(-> suspended in e le ctrica lly -
•

rc 1— 0)
UJ 1— c 3 3 O O conductive liquid. CD
2 : O O

-J The aerosol is injected through
<C
CJ a small diameter tube into a
1—t u<D laminar flow fie ld , is

f

cx.
t—

■P0)E deposited on two charged to
0

Oi.-P collecting plates or on a f i lte r .
CDNJ•r 42LU

_J
OCUCL The mass particle d istribution

to
c

UJ CO
CD is computed from the fluores-

0s_uoru
«3 cent dye d istribution  on the

•r~
EX3-C

0 plates and the f i lte r .
300

C7>c By recording voltage pulses
+-> CD C 3 produced when droplets short E3 CJ O *r- c ircu it the tips of two

3-
O 43

CD O needles across which a
0
0 and

CO CD T 43a
3Q. potential is  applied. to
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Method Technique 
employed

Description
Si ze 
range

Reference
number

An e lectrica lly  conducting
-MC cu liquid is  used to produce
oo CT

c
droplets. The pulsation of the (/>Q.O 44

to“O
_co voltage of the probe can be S-“O

o_c h- recorded when the conducted CL)Or
"<D o
s: •r—’+-> drops strike it .  I t  can be ro

r  -
fOo

4->to experimentally shown that the £•r—
+->

S-
4 J pulse height is  proportional

<v>•
ucu ■O) to the square of the diameter
LU

of the drops.

A spray liqu id  is  used through

a very cold medium, in which

the drops freeze into solid £
spheres. The freezing mediums o

“OO may be alcohol immersed in a LO
38

+JOJ dry ice bath and liquid
ccaJC

c
nitrogen. Direct photography

N<D
followed by image analysis +->fO

0)i-Lu processing of the frozen drops C.CD
may be employed.

oo A special thermocouple technique
Q has been used to measure the
o
in droplet size by measuring the
i— temperature fa ll  as the droplet

s:
X)of~ collides with the hot junction.
+J
0)5; Heat is  removed by evaporation

c CJ>c from the junction. I t  is  capable
E=

o 45
■MfO of detecting and measuring water oCsJ

UJ
s~oo. droplets in a ir  and steam flows 1

Ic fO> even at high pressure and o
1— U J co

temperature. It  can be

modified by reducing the area

of hot junction to measure

smaller sizes of droplets.
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Method Technique 
empioyed Description Size

range
Reference
number

O'

JZ

O

<c
o

a .

o

o

D -

c
cc
o
o

>>
C L
ou
LO
o
S -o

• r-
E
o
S -4->acu

>>
x :
C LfOs-

L . C D  
CD O  
LO I—  HD O __i x:

c
o

•r— 
+-> U 03 L. L- 0) <4- LO M- ro *f“ —» “O

C D
C

• r*

<D to
4-> CD
4-> 3
fO C7
U •r—
L0 C

- C
+-> u
x : CD
C7>-t->

- J

A sample of aerosol particles 

can be prepared on a glass slide  

and can be coated by carbon and 

shadowed by platinum metal.

The slide  is  immersed in d is t ille d  

water to remove the carbon film  

which contains the particles. A 

micro-mesh is  used to prepare i t  

for electronmicroscopy.

CO
S -o
*E
_Q3
CO

The technique of recording an 

image of an object using the 

intensity, the wavelength and 

the phase of ligh t  reflected or 

transmitted by that object.

E  
3  E<D O 

+-> . 
n3 Lf> 
CDi. C 

CT3 (O 
x :

Using the laser technique to 

detect small change in drop size 

distributions, especially in 

small drop populations. The 

method is  based upon the forward 

d iffractive  scattering of 

para lle l, monochromatic beam of 

l ig h t  passing through a spray.

E  3 i.<U O -t-> .
(O  CM
a>
S -  Eo  <o

The principle of this method is  

that when the ligh t  is  incident 

upon a small droplet, some of 

the lig h t  is  scattered, some is  

transmitted and the remainder 

absorbed. The proportions of the 

extinguished lig h t  absorbed within 

and scattered by the particle  and 

the angular d istribution  of 

scattered ligh t  vary with particle  

size, shape and composition.

L.<D O4- > . rO I—
CD5- cO A3

3, 4,

7, 15

46

47, 48

49, 50
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Method Technique 
employed Description Size

range
Reference
number

-J
c en

For counting and siz ing,
EO*—» — -V 

1—  .
c;•r*
C

the particles are mounted zi
0ex

O  -P C
C
rd
U

on prepared slides. The in
c

O  O 
Z  O 
<£ — '

LO

-p
detection system consists rd

•P
50a

:r  oo 
C l. lu

0ex
LO

of a device such as a i-
cu

<  ZDex o*
CD *—• rd

photo-electric scanning •p
id
o>

O  2 :
1— 31 
O  O 
31 LU Cl. h-

u•r~
-P
Q.
O

ce ll,  combined with a high 

speed pulse counter.

X
CD
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2.1.3 Sta tistica l analysis of droplet size and population

Particles generated for the purpose of the present work are known 

to be nearly spherical (see Plates 4.1 and 4.2), but are polydisperse in 

size. In such a case, a single measurement concerning their size would 

be incomplete for defining the polydispersion. A mean diameter 

(s ta tis t ic a l diameter) of the different sizes of the particles must be 

calculated in order to change the case of polydispersion to an equivalent 

monodispersion. There are many defin itions for the mean diameter such 

as arithmetic, geometric, harmonic, number, surface, surface-volume and 

mass-median.

The choice of a suitable definition of mean diameter must be 

properly made, depending on the subject of the study. In the present 

work, we are dealing with the mass of particles or droplets depositing 

on a blade surface or suspended in the flow. The rate of deposition, 

or the rate of mass transfer, during condensation, or evaporation, is  to 

be measured and calculated w hilst the physical and thermal processes take 

place. I t  is  therefore appropriate to use the mass-median diameter in 

this context as a part of the droplet or particle definition.

A. Calculation of mass-median diameter

The mass-median diameter can be obtained on the log-probability  

grid by plotting the values of cumulative percentage of mass against 

diameter, or by using the Hatch-Choate equation. The detail of calculation  

is presented in Chapter 4.

B. Frequency distribution

( i ) Normal d istribution (Gaussian):

I f  there are no effects imposing any conditions upon the droplet



size (coalescence, agglomeration or fracturing), the distribution w ill 

probably follow the normal d istribution curve. I f  fn = frequency of 

occurrence of droplet diameter d, then

23.

-d  - da ( 2 . 1 )

where: dg = arithmetic average diameter

En = total population

Sp = standard deviation =
ff[n(d - da ) 2 ] 
--------- SH---------

( i i ) Skew distribution

In nearly a ll cases where wet steam is  in flow, the agencies 

separating droplets from the flow and the different types of interaction  

between the droplets impose a "skew" size d istribution. The skew 

frequency d istribution may often be normalised by plotting fn against log(d). 

Then

------------------ exp
(log SDG)

{log(d) - lo 

2 ï°9 l SDG>

a(d) - lo^(dg) }2 ( 2 . 2 )

where dg = geometric mean diameter = exp (—

Sqg = geometric standard deviation = exp

C. Degree of d ispersity (a)

I t  is  important to find the degree of d ispersity of each group of 

particle in order to use a convenient solution for the behaviour of the



particle in the flow. I f  the polydispersion is  very high, i t  is  not 

re a lis t ic  to calculate the movement of the particles based on the mean 

diameter. The degree of d ispersity is  defined as

24.

S,D / s <r, - V *
En

(2.3)a ra

where r = arithmetic average radius.
a

2.2 Phase Change between Droplet and Vapour

Thermodynamic equilibrium between the liquid and the vapour can 

exist if :

( i)  The droplet size equals the c r it ic a l size (i.e . r = r ^t ).

The c r it ic a l radius of the droplet after spontaneous condensation 

can be calculated from Kelvin-Helmholtz equation:

a = surface tension.

( i i )  The temperature and pressure of the droplet are equal to the local 

temperature and pressure of the vapour, i.e .

I f  in either a flow or a non-flow process the liqu id  and vapour are

r
c r it  “ P&  ̂ An(s)

(2.4)

put out of mutual equilibrium, phase change w ill occur to restore it .
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In some cases deformation of droplets may take place due to mechanical 

and thermal disequilibrium. The disequilibrium is  a result of:

1. Bulk or local compression of wet steam.

2. Throttling of wet steam.

3. Bulk or local heating, st irr in g  or agitation of wet steam.

4. Bulk or local expansion of wet steam.

5. Bulk or local cooling of wet steam.

6 . Work extraction from wet steam.

Points 1, 2 and 3 promote evaporation and processes 4, 5 and 6 promote 

condensation.

Deformation of a droplet is  due to aerodynamic forces and/or 

cavitation which act against the force of the surface tension, which tends 

to maintain the spherical shape. The effect of aerodynamic force is  

to disintegrate the larger drops into small drops. The resultant sizes 

can be determined by assuming a value for the Weber number, (We),

We
d

(2.5)

Many investigators (25, 51, 52) have found that We has a value in the 

range of 10 - 30 under steam turbine operating conditions.

The cavitation or internal boiling is  a resu lt of reducing the 

droplet pressure below the saturation pressure,

Pi -  P„ + T -  < P5 (Ti>
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The large drop w ill be flashed into small drops due to increase of the 

size of the boiling bubbles inside the large drop which cause i t  to 

disintegrate. Gyarmathy (58) derived an expression for determining the 

maximum size  ̂ of droplets which escape flash ing,

rflash
f  v At 

W  (*L ( 2.6 )

where At = time interval during which droplet is  at risk

Gg = flashing parameter, determined from the parameter gg

gB
0.25

Jin pl
(■ ¡nP2

which is  plotted against Gg in Ref. (53).

The state of the droplet and the vapour are characterised by the 

variables r, T^, Tr , Tg , u ,̂ ug , p  ̂ and pg . The rate of phase change 

is  a function of:

1. Number and size of droplet.

2. Degree of dispersion.

3. Supersaturation ratio.

4. Thermal relaxation times.

5. Heat transfer coefficient between the two phases.

6 . Thermal conductivity of the two phases.

7. Flow velocity of the mixture.

8 . The rate of latent heat transferred between the surface of the

droplet and the vapour.
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2.2.1 Phase Change between Large Drop and Vapour

The growth or evaporation of a large drop (Kn < 0.01) is  independent 

on the Knudsen number (Kn), since i t  is  considered as a continuum 

phenomenon. I t  is  dependent on the Nusselt number (Nu), Reynolds 

number (Re), Mach number (M) and Prandtl number (Pr). The drop is  

assumed to be a liquid sphere. The heat transfer from the centre to 

the surface of the drop is  by conduction and i t  is  a function of the 

temperature distribution inside the drop t = t (r ) .  I f  the surrounding 

steam is  superheated therefore, there are two layers around the drop, 

a very thin saturated vapour shell (inner layer) and an in fin ite  

superheated vapour atmosphere (outer layer). However, i f  the surrounding 

steam is  saturated, then only the saturated vapour layer is  present.

The temperature d istribution inside and outside the drop is  shown in 

Figure 2.1.

Gyarmathy (54) has formulated the growth or evaporation of a large 

drop in the form,

«i ntdr2 _ Kf  Nuh _ _ _ _ _

H T  ' 9q) 47rrZpfAh
(2.7)

fg

where TgQ = adiabatic wall temperature of the drop, defined by

Tgo " Tg j + i f < Y - l ) P r  Mre,2]

Nuh = Nusselt number of heat transfer, defined by

Nu
H ” W g o  '  '*>
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0 = rate of heat transfer to or from the drop, defined as

m = the rate of condensed or evaporated mass which is  defined as

m = 4iTpf r2 ^

r = drop radius

^int = *ieat conduction rate, from or to the surface of the 

drop, which may be defined by Fourier's Law i f  there is  

no internal flow, or defined by Gyarmathy (54), as

‘int
m Cv, dT

~dt
m

Pf

dp
r  00

“3F
m Cv. (Tr - T J

K ir illo v  and Yablonik (55) have defined the rate of growth or 

evaporation of the large drop by assuming the surrounding steam as a 

large sphere with radius R containing one large drop with radius r. 

Therefore, the heat transfer between the two spheres (see any text book 

of heat transfer), is  defined by

Qr
4* Kf  (Tr - V
------T— T------

7  " IT

( 2.8)

where Q^= the heat rate from the surface of the drop to the surface of 

surrounding sphere (R).

The rate of growth or diminution of the drop, therefore, can be 

defined by the heat balance between Qr and the latent heat as below:

dr2
"HF ‘

2 Kf  (Tr - y

Ahfg pf (2.9)
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Mason (56) has derived a d ifferential equation for the rate of 

growth or evaporation of the drop by using the respective laws of Fick 

and Fourier and employing the Clausius-Clapeyron equation,

dr£
S t

h  .
ps

r t ;

2 am

1

Ah*fg pf 

2Kf  R y

( 2 . 1 0 )

where = mass d iffu s iv ity

2.2.2 Phase change between small droplets and vapour

I f  Kn > 4 ,  the carrier phase may be treated with respect to the 

droplet as having uniform temperature, steam velocity (no s lip )  and 

composition through space. Heat conduction, viscous shear and surface 

tension being properties of a continuum, lose physical relevance.

Therefore, the transfer rate of heat and momentum must be expressed as 

the sum of the amounts of energy and momentum transferred individually  

by the molecules which collide with the droplets. S im ilarly, the mass 

transfer rate is  the net difference in the total mass of vapour molecules 

condensing on and evaporating from the droplet. The heat capacity of 

the small droplet (d ^ 1 . 0  pm) is  neglig ib le  compared with the amount of 

latent heat released by condensation. Therefore, the rate of phase 

change is  governed by the rate at which the latent heat can be carried 

away between the surface of the droplets and the vapour. The heat transfer 

between a droplet and the vapour is  driven by the temperature difference

(T. - T ) which controls the rate of latent heat released or accepted byx, g

the droplet, as seen in the equation 

q = 4ir r 2 pf  ^  Ahfg
( 2.11)



A number of investigators have defined the rate of phase change 

using different approaches. Gyarmathy (14) used a continuum equation 

to define the rate of heat transfer using a heat transfer coefficient

30.

modified by using the kinetic theory,

( 2 . 12 )

where ot̂  = heat transfer coefficient = Kg/|”r { l  + g • p- (^j-)Kn} ] ,
th g

and the rate of growth or evaporation of droplet is  defined by,

The kinetic theory approach appears to be a re a lis t ic  solution  

of phase change for very small droplets and i t  was adapted to steam 

turbine studies as early as the work of Stodola (57). K ir illo v  and 

Vablonik (55), Gyarmathy (58), H ill (59) and Bakhtar et al (60) have 

used a combined approach using thermodynamic and kinetic theories to trace 

the history of the changing characteristics of the fog droplets in 

different conditions of steam flow.

K ir illo v  and Yablonik (55) derived an equation for the rate of 

growth or evaporation of droplets having very small diameters compared 

with the mean free path (i.e . d «  l ' ) .  This equation can be written as,

Gyarmathy (58) has expressed a d ifferentia l equation for 

obtaining the growth or evaporation history of very small droplets 

(Kn »  1.0),

(2.13)

(2.14)
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dr
eft = Pf/ Z ¥ T T .

M V /? / 2a N 
exp <rp^n7>

where c = condensation or evaporation coefficient ^ 1.0  

a = surface tension.

(2.15)

Moses and Stein (61) have used the law of droplet growth which 

is developed by H ill (59), and i t  is  valid for Kn »  1.0,

dr
d t =

c(p -p ) V u g Hs ' pm

/ 2 t t  m k„ T pm B g

(2.16)

where c = condensation coefficient ^ 1.0

V = volume per molecule in the condensed phase pm

kg = Boltzmann's constant = 1.38 x 10 ^  ergs/mole

m m = mass of one molecule, pm

Bakhtar et al (60) have given a general equation for droplet 

growth, or evaporation, based on the kinetic theory,

dr 2 Kn / T  " pg ]
3 t = 1  pf  (1+2.7' Kh'/c) /-m  . 7 ^  " — J (2.17)

where p (T0 ,r) = saturation pressure, and is  dependent on the saturationS X*
temperature and droplet size.

This equation covers a ll values of Knudsen number and has been selected 

for use in the present work, (Chapter 7).

Gardner (62) made a comprehensive analysis of the transfer of



32.

energy, momentum and mass between a very small droplet (Kn > 4) and the 

surrounding vapour.

2.3 Deposition of Fog Droplets

It  is  very important to understand fu lly  the deposition processes 

in order to predict the wetness losses and erosion in wet steam turbines. 

These processes depend on the droplet or particle size and on the nature 

of the flow. In a wet steam L.P. turbine spontaneous nucleation 

generates droplets having a small size (0.01 - 1 . 0  ym diameter or 

Kn > 0.2) and these droplets are subjected to phase change during the 

expansion process. Most of the droplets l ie  in the transition  and

molecular regions. Knowledge of the deposition rate w ill help the steam

turbine designer to solve the erosion problem by various means,

(Chapter 3). Bearing in mind the deposition process is  the f i r s t  stage 

of the erosion cycle, i t  is  important to break the cycle at th is stage 

rather than allowing i t  to continue for deposition to occur. This is  

the aim of this study. Therefore, i t  is necessary to understand the 

following points:

1. The cohesion and adhesion between the droplets themselves and 

between the droplets and the so lid  surfaces.

2. The mechanisms of deposition of droplets, within the range of 

the present work, on the blade surfaces.

2.3.1 Adhesion and cohesion of particles and droplets

The interaction between the fog droplets themselves may cause 

agglomeration due to the cohesion of the droplets. This only occurs i f  

the cohesive force is  greater than the force between the molecules of the 

droplets.
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Smaller droplets (d < 0.5 ym) exhibit more violent Brownian motion than 

larger droplets, and have greater opportunity to collide with each other 

and to agglomerate. I f  the co llis ion  takes place between fog droplets 

and the internal surfaces of the turbine, the droplets w ill adhere to 

the surfaces and there is  no chance for re-entrainment as found by Refs. 

(3, 4, 7, 15 and 63). However, i f  the co llis ion  force of a solid  

particle on the surface exceeds the adhesion force, the particles may 

re-entrain or bounce to the main flow. The results of these interactions 

have a great effect on the mechanism or the rate of deposition of small 

particles on surfaces.

There are many types of forces which contribute to the strength 

of the adhesive bond between the particles themselves and between the 

particles and the surfaces. These forces have been discussed in detail 

by Corn (64) and reviewed by El-Shobokshy (37). The forces and the 

factors influencing adhesion are:

1.

2.
3.

4.

5.

Van der Waals forces. ^ « p U , 4

Electrostatic forces. (
y c>r\A » e> < f

* L/ct, ^  ^
_  _ T i t U ' J  o  <  - f\  . 0 . i ' 4 \ v  * - « / ' 4 r * r .  ; ^

Surface tension of absorbed surface film s. CiA v«-,̂ <cV*a ^
<f. «■«'■’•'■-rr *>J V  ■*'“-» t -4 €.-•■■■ sV «**«- y>fV«- f- O ' ”  '* "

-to s * " * *« * .  W i ' o » 1 wW.'f- • AVx -,' <>< ^ 4  w.

External force fie ld s.

Factors influencing adhesion:

(a) Particle and surface bulk material.

(b) Surface contamination.

(c) Nature of particle surface contact.

(d) Temperature.

(e) Approach to contact equilibrium.
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2.3.2 Particle re-entrainment

Capture of particles or droplets by surfaces upon co llis io n  may 

occur. P o ss ib ilit ie s  of bouncing or re-entrainment also exist.

Most of the theoretical and experimental studies published on particle  

deposition have found that small particles (d ^ 1 . 0  pm) are captured 

upon touching a surface. I t  was essential at the beginning of the 

present study to check whether the particles or droplets (0.01 - 1 . 0  ym 

diameter) used, w ill be captured by the blade surfaces upon contact or 

be re-entrained. This can be found from the results of other 

investigators. Two tests must be considered:

1. Before deposition:

Dunhneke (65) studied the mechanism of particle-surface co llis ion . 

He found that there is  a lim iting value of incident velocity of the 

particle. I f  th is lim it is  exceeded the particle may bounce and be 

re-entrained to the main flow. He derived the following equation for 

determining the maximum value of incident velocity:

(2.18)

where V. .. = c r it ic a l value of incident velocity  i , c r i t  J

d = particle diameter 

A = Hamaker constant

Pp = particle density 
o

= 4A o

e = coefficient of restitution = -n--------------which is  equal to
vincidence

0.99 for solid  particle.
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2. After deposition:

Aerodynamic characteristics of the particle after being 

deposited on the surface must also be tested against the flow conditions. 

This test consists of calculating the drag on the deposited particles on 

surfaces when exposed to the steam flow. I t  has been considered that 

a particle adhering to a surface w ill be removed when the drag and l i f t  

forces exceed the adhering force. For small particles the l i f t  force 

is  negligib le compared with the drag force. Therefore, the only force 

acting against the adhesion force is  the drag force. Many investigators 

(3, 4, 7, 15) found for submicron partic les, the maximum drag force acting 

on the deposited particles is  very much lower than the forces required to 

dislodge the largest particle or droplet from the surface.

Theoretical work by Ryley (63) suggests that deposited fog 

droplets are unlikely to be re-entrained. From the study of c ap illa r ity  

forces he concluded that the residual energy in a deposited droplet is  

insuffic ient to cause detachment and the tangential forces are also too 

weak for the purpose.

2.3.3 Mechanisms of deposition

The mechanisms which are of concern to th is work, plus others which 

may possibly be acting, w ill be discussed in th is section.

1. Brownian motion:

This is  a mechanism by whicn the particles or droplets within a 

purely laminar or stagnant flow are brought to the surface under the action 

of gas or vapour molecules co llid ing  with the particle or droplet.

This motion of suspended particles in a flu id  was defined by Einstein as,
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x = 2 Dt (2.19)

where x = the mean square displacement of particle  

t = the time taken for th is displacement

D = diffusion coefficient of the particle, expressed by the equation

2

_2

kg = Boltzmann constant 

T = absolute temperature

f = reciprocal of the mobility of the particle.

This equation is  valid only when a ll other external forces on 

the particle are absent, therefore, their continual motion w ill be random.

When the particle path intercepts an interface, the particle w ill be 

deposited at the place of interception. 8 rownian motion increases with 

decreasing particle size and is  negligib le when Kn < 0.01 (i.e . in the 

continuum regime).

2. Diffusive deposition (motion due to concentration gradient):

Brownian motion does not change the mean concentration of the 

particles in an isolated aerosol cloud, provided there is no deposition 

of particles on the adjacent surfaces. I f  a concentration gradient 

exists normal to a surface, particles w ill migrate from the region of high 

concentration to the region with lower concentration. This migration due 

to the presence of a concentration gradient is  known as d iffusion.

In stationary or flowing wet steam adjacent to an adiabatic surface, 

diffusion leads to the deposition of fog droplets from the steam (stagnant 

or flowing) to the blade surface. This deposition maintains a concentration 

gradient with the concentration of the droplets always being zero at the 

surface. The rate of transport or deposition of the droplets to the
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surface in laminar or stagnant flow is  equal to the product of the 

diffusion coefficient and the concentration gradient,

The conditions for which this equation is valid are that the external 

forces (thermal, e lectrica l, mechanical, etc.) are absent.

Fog droplets or small particles (d < 1.0 pm) closely follow the 

flow stream. In turbulent flow, these particles or droplets are brought 

near the surface by the action of eddies which exist in the turbulent 

boundary layer. This is  followed by Brownian diffusion of the particle  

through the sublayer region. The effects of Brownian motion and 

concentration gradients, on the movement of the droplets outside the 

boundary sublayer, are negligib le compared with the effect of eddies. 

However, Brownian motion is  the dominant cause of droplet movement inside 

the sublayer.

Eddy d iffu s iv ity  of the droplets of diameter less than 1.0 ym 

is assumed to be equal to the eddy v iscosity  of the flow. Therefore, the 

rate of deposition on the surfaces through turbulent flow can be written 

as in Refs. (4, 37, 66, 67, 68, 69, 70 and 71),

(2.20)

3. Eddy diffusion:

N - (D  + e) ^ (2.21)

where e = eM =M p

The boundary conditions are:

at y = r, c = 0.0 

at y = 6, c =
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The only modifications that can be made to this equation is  

the values of D and e and this w ill be discussed later in th is Chapter.

4. Eddy impaction:

In the turbulent flow, the large particles (d > 1.0 ym) may 

gain su ffic ient momentum from the turbulent eddies near the surface to 

be projected d irectly through the remaining distance to the surface 

(free f ligh t)  without responding to the molecular (Brownian) diffusion  

which w ill be neglig ib ly  small. The rate of mass transfer from the free 

stream to the surface, therefore, can be written in the form,

N = e (2.23)

The boundary conditions are,

at y = S + r, c = c^

at y = 6, c = c J 9 00

where S = stopping distance and i t  is  determined by,

t  = relaxation time = -iU —  
r ioy

V.. = the incidence velocity which can be calculated from the 

equation given by Davies (72). The fu ll derivation is  

presented in Ref. (37):

Vi =
i (i - r— t_lQ) + h  (i -

T '■

r+ + 10, 2
4. >+ (2.24)



where u* = shear velocity

r+ = dimensionless droplet radius = lü t
v

+
= dimensionless relaxation time = r .̂u.*T r

5. Sedimentation of Aerosol Particles

Sedimentation is  a continuum phenomenon and i t  is  the mechanism 

of deposition of the particles when the flow is  stagnant. When a 

spherical particle is  freely fa llin g  i t  attains a terminal velocity 

at which the drag force on i t  is  equal to it s  weight.

Fa lling particles are usually subject to bombardment from gas 

molecules due to Brownian motion. However, i f  i t  is  assumed that the 

particle is  r ig id , fa llin g  independently, free from external influences 

and is  of a size larger than the length of mean free path of the gas 

molecules and without inertia effects, it s  motion w ill l ie  in the Stokes 

regime. In such a case the Stokes drag w ill be:

where V$ = the settling velocity.

This drag is  equal to the weight of the particle and therefore,

Fd = 3tt y Vs d (2.25)

3tt y Vs d = J  d3 (pp - pg ) g

where g = acceleration of gravity

and hence the settling velocity is

„ . j2
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This equation is  valid when the diameter of the particle is
pa Vs d

larger than the molecular mean free path and Re = --------should be
P u

less than 1.0.

I f  the particle size is  comparable to the molecular mean free 

path (l ' )  the medium in this case cannot be regarded as a continuum and 

equation (2.26) is  no longer valid. The particles w ill move faster 

than predicted because of the s lip  between them and the gas molecules.

A Cunningham correction factor must then be used in equation (2.26), to 

take account of this slip , which has the form,

- C
2i(n

Fc = 1 + 2A Kn + 2B Kn e (2.27)

where A = 1.246, B = 0.42 and C = 0.87

a'Kn = Knudsen number =

%' = molecular mean free path =  ̂*5 H, ,v̂ l

The final form of the settling velocity becomes,

,2

V,
Pp g d

W (2.28)

Ryley, Davies and El-Shobokshy (3, 4, 37) concluded that for 

submicron particles the contribution to deposition from se ttlin g  compared 

with that due to eddy and Brownian d iffusion, is  very small and can be 

neglected. They found that the effect of sedimentation increases with 

increasing particle size and decreasing shear velocity.
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2.3.4 Theory of thermophoresis

In the steady state, under the influence of a temperature 

gradient and fric tion  the aerosol particles or droplets move with a 

variable velocity towards the region of lower temperature. This 

phenomenon is  called thermophoresis and was f i r s t  observed in 1870 by 

Tyndall. Since then many contributions and developments to the theory 

have been made by a great number of investigators. The nature of 

thermophoresis is  that i f  a droplet or particle is  within a vapour or 

gas which is  subject to a temperature gradient, the force due to the 

molecular momentum change on the hot side hemisphere exceeds that on 

the cooler side hemisphere and the net force acts to propel the droplet 

down the temperature gradient. Therefore, the thermophoretic force 

depends on the temperature gradient through the medium, the pressure of 

the medium, the thermal conductivities of the droplet and of the medium 

and the droplet size.

The theory for small droplets (d < 1.0 ym) is  well established 

through employing the kinetic theory, and those of intermediate and 

large droplets have been considerably improved in later years. In wet 

steam flow the droplets are always subjected to condensation or evaporation, 

depending on the flow conditions. Therefore the sizes of the droplets l ie  

in the molecular and intermediate regions, and thus the predicted formulae 

for the thermophoretic force and velocity need to cover a wide range of 

Knudsen number. The theories of thermophoresis for small, intermediate 

and large droplets and the relevant contributions which have been made 

since the phenomenon became known, w ill be discussed in this Section.

1. Thermophoresis with small particles or droplets (d < 1.0 ym):

I f  Kn > 1.0, the particle presence does not considerably affect
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the velocity d istribution of the surrounding gas molecules. Therefore 

with no phase change between the droplet and the surrounding vapour, 

the forces on the moving droplet consisting of fr ic tion , thermophoretic 

and any other forces, can be determined by calculating the momentum 

transferred per unit time (the momentum transfer method). Most of the 

theories for the thermal forces on small particles (d < 1.0 ym) have 

been found, by many investigators, to be in good agreement with the 

experimental results.

The f i r s t  theoretical treatment for thermophoresis was made by 

Einstein in 1924. Epstein (73), in 1929, repeated the derivation of 

the theoretical formula given by Einstein; the difference between the 

two formulae is  the constant m ultiplier as shown in the equation, due 

to Epstein,

FT ~
rKq r 2

17’9 2t I t P T VT 
g p

?
(2.29)

where r = droplet radius in cms
2

p = pressure in dyne/cm

Kg, Kp = thermal conductivity of gas and particles

&'= molecular mean free path

VT = temperature gradient

Epstein's result has been found by Schaelt et al (74) and 

Derjaguin et al (75) to be in reasonably good agreement with experiments 

for particles of low thermal conductivity, but i t  underestimates the 

thermal force on particles of high thermal conductivity.

Waldmann (76) derived a new expression for the thermophoretic 

force based on the concepts of the kinetic theory, which is  in the form,



(2.30)Fy - - r^ A VT)/C

where A = translational
15 kR y

Part - T T -

rn = molecular mass

C = mean thermal velocity of the gas molecules =
urn

Later, Cha and McCoy (77) showed that the thermophoretic force 

for small droplets may be expressed as,

FI  =
Kn

2/2 a . (1 + b.|Kn)
1 - exp (- 4> b-,

—  K d  
Kn SL

I VT

m

where dm = mean molecular diameter of the qasm 3

d = particle diameter

a - f  n $ ~
al '  / 6 (  1 + b-j Kn)

b̂  = 3.23 when the thermal accommodation = 1.0 

<t> = 0.25 (9y - 5) Cv/R

For the intermediate range of droplet size (0.1 < Kn < 2.5), a 

theoretical expression for the thermophoretic force has been given by 

Brock (78),

FT " - 18tt y (2.32)

where C =

Kq
J .  - 2 C. Kn
* p *

(1 - 6 Cm Kn)(l - 2 /  - 4 Ct Kn)

C , C. are constants, m t
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Talbot et al (79) modified Brock's formula, equation (2.32), in

order for i t  to be applicable to a wide range of Knudsen number

(0 < Kn < “). They obtained an equation for calculating Fy,

K
12 TT y vr Cs ( ^  + 2 Ct Kn) VT

Ft = --------------------------------- g---------------------  (2.33)

(1 + 6 Cm Kn)(l + 2 ^  + 4 C( Kn) T

where C$ = 1.14, = 2.18 and Cm = 1.14.

To obtain an expression for the thermophoretic velocity over 

the entire range of Knudsen number, Talbot et al (79) equated Fy from 

equation (2.33) to the M illikan  drag formula, which has the form,

p _ ________ 6 tt p r V___________
hd ~ T + 2 Kn (A + B' exp (- C/2Kn))

(2.34)

to give

K
2 Cs v ("K + 2 Ct Kn) I I 1 + 2 Kn (A + B exp (- C/2Kn)) ] VT

P x  —

(1 + 6 Cm Kn)(1 + 2 - f -  +  4 Ct Kn) f
P

(2.35)

where A = 1.2, B = 0.41 and C = 0.88.

Equation (2.35) has been used in the present work (Chapter 7) for 

determining the thermophoretic velocity since i t  is  valid  for the entire 

range of the expected sizes of the droplets.

2. Thermophoresis with large droplets (without phase change):

The presence of small particles has no influence on the d istribution  

of the gas molecules around the partic les. With large partic les, however,
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this influence must be taken into account. From such effects, 

discontinuities exist in the gas temperature (a jump) and the gas 

tangential velocity (s lip ) at the boundary with respect to temperature 

and velocity at the surface. The "jump" and the " s lip "  are dependent 

on the conditions and the nature of the flow.

Epstein (73) calculated the thermophoretic force on a larger 

particle by solving the Fourier heat conduction equation and the Navier- 

Stokes'flow equation. The expression was in the form,

FT = ■  6 "  U r 5 ( i \ \  0  1 ? VT
g p'

Equation (2.36) is  valid for < 10.

(2.36)

Brock (80) modified Epstein's formula, equation (2.36), took into 

consideration the isothermal s l ip  which was predicted by Maxwell, the 

effect of thermal conductivity, the effect of temperature jump at the 

gas-wall interface and a Knudsen number correction to obtain an expression 

for the thermophoretic velocity in the form,

3 ( K g  + 2 C t  K Kn) Fc VT
VT “ - 7 p p - ( l  + S C m Kn)(2rKg + Kp + 4 C t W)

where F^ = Cunningham correction factor

= 2.25 Kn + 0.84 Kn exp (- 0.435/Kn)

(2.37)

Derjaguin and Talamov (81) improved Epstein 's and Brock's formulae 

by taking into account the effect of temperature stress of the gas phase 

and the variation of the velocities of the gas molecules before strik ing  

the particle. They formulated the thermophoretic velocity in the simple 

form,



46.

(2.38)

Cha and McCoy (77) simplified equation (2.31) to determine the 

thermophoretic force on particles which have diameter greater than 

1.0 pm,

Work published by Gardner (62) and Byers and Calvert (82) 

suggest that in the s lip  flow regime (0.5 < Kn < 2.5), Brock's expression, 

equation (2.37), offers a reasonable prediction for the thermophoretic 

velocity of partic les, w hilst Derjaguin and Talamov's formula, 

equation (2.38), is  more applicable in the regime where Kn «  1.

Wood (30) used Cha's and McCoy's formula and found good agreement between 

the predicted and measured results for the deposition rate of Mg (OH)^ 

particles on duct surfaces. However, the maximum size of the droplets 

used in the present work is  about 1.0 pm. Therefore, only the 

thermophoresis theories for small and intermediate particle size w ill 

be used. 3

3. Thermophoresis in flow with phase change

The mixture of liqu id  and vapour is  subject to phase change 

(either condensation or evaporation) i f  the temperature of the vapour 

is  lower or higher than that of liqu id  phase (i.e . disequilibrium  

phenomenon). Let us concentrate on the flow of wet steam inside the 

boundary layer on a L.P. turbine guide blade. I f  the blade surface is  

cooler than the surrounding steam, the deposition of the existing  

droplets increases due to:

(2.39)
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( i)  The increase in the droplet size by condensation.

( i i )  The effect of a thermophoretic force towards the blade surface.

However, i f  the blade surface is  hotter than the surrounding 

steam as in the present work, evaporation of the droplets w ill occur as 

long as the temperature of the vapour is  higher than the saturation 

temperature (Ts (p)). The deposition of the surviving droplets, which are 

at a distance from the blade surface, onto the heated surface w ill,  

therefore, be lower than that on an adiabatic surface and much lower than 

that on the cooled surface. The reasons for this are:

( i)  The droplet size is  reduced by evaporation and a dry region may

be created along the blade surface.

( i i )  The droplets are pushed away from the blade surface by the effect 

of thermophoresis.

Thermophoresis and the mechanisms of deposition are dependent, 

among the other things, on the droplet size. I f  the size of the droplet 

is very small (d < 1.0 ym), the droplet temperature is  uniform at a ll 

times and under different flow conditions (i.e . heat capacity and heat 

conduction are not s ign ifican t). Therefore, the theory of thermophoresis 

for small solid  particles can be used by taking into consideration the 

change in droplet size and the variation in the temperature gradient due to 

condensation or evaporation. From the theory i t  can be seen that:

VT mAhfg
(2.40)

where y = the distance along the normal axis

m = mass transfer between the liqu id  and vapour phases due to 

condensation or evaporation
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the temperature gradient of the mixture along the normal 

axis, which is  affected by the amount of mass and heat 

transfer between the two phases due to thermodynamic 

disequilibrium.

I f  the droplet size is  large (d > 2 ym), the temperature of the 

centre of the droplet is  either leading or lagging the temperature of the 

surface due to heating, cooling, or expansion of the flow. This may 

resu lt in:

( i)  Deformation of the droplet.

( i i )  Flashing or disintegration of the droplet.

( i i i )  Unsteady heat flux iifside the droplet.

The temperature of the droplet surface is not uniform as a resu lt of 

different rates of condensation or evaporation to or from the surface and 

a reaction force, due to mass transfer, on the droplet may have 

considerable effect on the movement of the droplet. Therefore, the problem 

is extremely complicated in detail and no thermophoresis theory exists 

to deal with this complex situation at the present time.

Gardner (62) derived an expression for calculating the 

thermophoretic force on a small evaporating droplet which is  stationary 

with respect to the vapour. This expression can be written in a form,

Fj = - 6tt yr
-VT K

n, (2.41)
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whprp

-! (2.42)

1+6C Kn m

Mm = molecular weight

2 - a
a

a = accommodation coefficient % 1.0 

Y = specific heat ratio

c = L ^ sl
m a

For large particles (d > 2 ym), Gardner found that the la st  term 

in both the numerator and denominator of equation (2.42) dominate and 

gives n2 ^ 1.0. The large droplet w ill obey Stokes' law, and he suggested 

that the equilibrium velocity (thermophoretic velocity) w ill be

Gardner's work (62) on the transfer of mass, momentum and energy 

between a very small droplet (Kn > 1) and the surrounded vapour is  very 

useful and is a good contribution to understanding the behaviour of 

evaporating droplets in the flow.
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2.3.5 Theory of diffusional deposition

For very small particles (d < 1.0 pm) the effects due to 

sedimentation, inertia impaction, eddy impaction and motion due to 

electrical and body forces are negligib le. Brownian, concentration and 

eddy diffusion are the only mechanisms controlling the movement and the 

deposition of such particles or droplets onto adiabatic surfaces. I f  

the surface temperature is  different from that of the free stream, 

thermophoresis can have a considerable effect on the deposition rate of 

the particles. However, even i f  the surface temperature is  equal to 

that of the adiabatic temperature (no heat transfer to or from the w all), 

the transfer of heat inside the flowing gas due to fric tion  w ill create 

a temperature gradient through the boundary layer. The thermophoresis 

effect must therefore be taken into consideration even though its  

contribution w ill be small. In highly accelerated flows in adiabatic 

nozzles (steam and gas turbines), the effect of thermophoresis w ill be 

sign ifican t (Chapter 7).

I t  can be concluded that the effect of the thermophoresis on 

the particles should always be considered. It s  effect depends on:

1. The size of the particle or droplet.

2. The temperature gradient through the boundary layer.

3. The thermal conductivities of the droplet and the medium.

4. The gas velocity.

Most investigators have ignored the effect of thermophoresis on the 

deposition rate of particles onto an adiabatic surface.

Broadly, deposition of small droplets f a l ls  into two main 

categories, depending on the nature of the flow. In the laminar flow,
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Brownian motion and thermophoresis are the dominant phenomena, whilst 

in the turbulent flow, outside the boundary sublayer, eddy diffusion  

controls the movement of the particles. Thermophoresis in the turbulent 

flow is  more effective in the sublayer, since ĵjy is  very high through it .  

The deposition rate is  defined by the "deposition velocity" (V 

which has the dimensions of velocity (m/s) and is  the mass deposition 

rate per unit area per unit time divided by the mean concentration (c^).

net
net (2.44)

This section w ill involve the study of the deposition of the 

particles from laminar and turbulent flow, with or without taking the 

thermophoresis into account.

(a) Diffusion through a laminar boundary layer:

In wet steam flow (without phase change) a hydrodynamic boundary 

layer and a particle concentration boundary layer w ill be b u ilt  up on 

the blade surface. Feasible assumptions can be made to sim plify the 

theoretical analysis,

1. The thickness of the diffusion layer is  equal to that of 

hydrodynamic layer.

2. The concentration gradient behaves the same as the velocity 

gradient, and the boundary conditions are:

at y = 0.0, u = 0.0 and c = 0.0
f C oo - c

at y = 6 = 6 ., u = and c = c^ where 6 = ( - ^ ---- ) dy.
u J o 00

3. The solution of mass transfer equations can be obtained from

the s im ilarity  between momentum and mass transfer or heat and mass 

transfer. The equations of momentum, heat and mass transfer for
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zero pressure gradient can be written in the forms: 

( i)  Momentum transfer equation

3u
U 3* +

3v
ax

3y ̂
(2.45)

( i i )  Heat transfer equation

. 9T ± „ 3T Kg 3I. 2T 
U 3x + V = ^ 2

( i i i )  Mass transfer equation

3c
3xu -̂ -7 + v ttt: = D -,3c

W
3 2C
3 7

(2.46)

(2.47)

The solutions of momentum and heat transfer are well established 

in the text books, therefore, a sim ilar solution can be obtained for the 

mass transfer due to the s im ilarity  between equations (2.45), (2.46) and 

(2.47). However, i f  a thermophoresis term is introduced into the mass 

transfer equation the solution w ill be more complicated. Therefore, the 

solution of the mass transfer equation can be divided into two main 

parts, with and without considering the effect of thermophoresis.

I . Diffusional deposition without thermophoresis:

Davies (83) has simplified the equation of mass transfer by 

assuming:

(1) One-dimensional flow along the horizontal axis (x), therefore 

the velocity v is negligib le compared with the velocity u.

(2) The concentration gradient through the d iffusion  layer is  shown
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to be in the form

3?c
(2.48)

(3) The concentration gradient along x-axis is linear and can be 

written in the form

3C _ c,
3X ~ X (2.49)

(4) The velocity gradient through the hydrodynamic boundary layer

(gy) is  sim ilar to gy, therefore, he obtained a relation between 

the thicknesses of the hydrodynamic boundary layer (6) and the 

diffusion layer (¿g) as follows

U . = U d a » T (2.50)

where Ug = the velocity a t the edge of d iffusion layer. Hence, 

equation (2.47) becomes

D
c u 6,

00 00 Q

~ x ~ " 3 "  = 0.0 (2.51)

or

6 3 Dx6
d = T T

00

(2.52)

(5) The flow is  incompressible and with zero pressure gradient, the 

thickness of the laminar boundary layer is  given by Ref. (84) as

« =  f i - (2.53)



where 8 = constant which can have d ifferent numerical values, 

depending on the method used to solve the momentum equation. 

This value can be 3.464, 4.64 or 5.835.

54.

(6) The rate of deposition can be defined as

(2.54)

Therefore the deposition velocity (V^ = — -) can be determined
oo

from equations (2.52), (2.53) and (2.54) in the form:

(2.55)

where Sc = Schmidt number = ^

Equation (2.55) was successfully applied by El-Shobokshy (37) 

and Davies (4).

The theory for heat transfer was o rig in a lly  presented by Squire (85) 

and has been employed by many investigators in their experimental work.

Lee (86) has used a sim ilar analysis to Squire's for mass transfer, and 

he obtained

(2.56)

and then,

(2.57)

where Sh = local dimensionless mass transfer coefficient

Q = volumetric flow rate

l  = the length of the plate or the chord of the blade.
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£

equations:

—  can be obtained from numerical integration of the following

- T ^ l -

•

* 2.96
x/i u 1 U 6

(fl^ ) d ( f ) i  / ( li^ )
OC>

o 2

-, 1/ 1 2

(2.58)

and

. V 6 . u 4 x/£ u x/£ u 5

<f> (^j-) = 0.386 (y— ) (B- )  d (£) / Sc
no « I T - )  d <T>

°°2 0 2
oo

0 2 -1

The function cf> (-*—) is  given by 
°1

(2.59)

0 ( ^ )
1

0.8604
* ,0.8604yNt (— y----- ) * ,0.8604y °1,

f  (_T ~  V dy (2.60)

where f  (°‘-8-̂ 04-y) is  the Blasius d istribution  for velocity jp-

6-| is  the displacement thickness.

Parker and Lee (7) plotted the values of (y i) $ (^L) againstV . ,sd,

Numerical integration of equation (2.59) gives the values of
°1
<5. 2 6 .

(■*—) cp (-¡.—) along the blade surface. The corresponding values of 
°1 61

6d
, therefore, obtained from the plot (published in Ref. (7 )). The

1 61values of ~  along the x-axis can be obtained from equation (2.58). Thus,
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equation (2.56) gives the value of Sh to be used in equation (2.57) for 

determining the deposition percentage of the particle  in flow with zero 

pressure gradient.

Parker and Lee (7) obtained a good agreement between the 

experimental results and the results from equation (2.57) for aerosol 

in the cascade of steam turbine stator blades. Equation (2.57) is  better 

than equation (2.55) for predicting the deposition rate through a laminar 

flow in the actual turbine, since i t  is  not sim plified by many assumptions 

which are not ju stified  for the flow in a real turbine.

I I .  Diffusional deposition with thermophoresis

The effect of"thermophoresis on the deposition of small particles 

through a laminar flow was treated by Davies (4). He added the 

thermophoresis term to the deposition equation to predict the net 

deposition rate on the blade surfaces.

Nnet = D dc
37

+ VT c (2.61)

where Nne  ̂ = the net deposition rate 

Vj = thermophoretic velocity 

VyC = mass transfer by thermophoresis.

The integration of equation (2.61) gives,

_________
Vnet ~ 1 - exp (- Vy <5d/L>)~

where V . = the net deposition velocity, 
net
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The thickness of the diffusion layer can be obtained from:

1. Equation (2.53) when the flow has no pressure gradient.

2. Equations (2.58), (2.59) and (2.60) when the flow has a pressure 

gradient.

Expressions for Vy have been given by many investigators (73, 76, 

77, 78 and 79). A suitable expression is  that given by Talbot et al (79), 

equation (2.35), since i t  is  valid for the entire range of Knudsen 

number (Kn).

(b) Diffusion through a turbulent boundary layer

The transfer of particles or droplets from a turbulent stream to 

a boundary wall has been studied by a number of investigators both 

theoretically and experimentally. The mechanisms of deposition fa ll  

into three main classes, depending on their size range. The smallest 

particle (Kn > 1.0 or d .< 1.0 ym) are deposited by diffusion analogues 

to the molecular (Brownian diffusion) and turbulent d iffusion (eddy 

diffusion) process controlling gaseous mass transfer.

Deposition of particles in the intermediate size range (0.1 < Kn 

< 1.0 or 1 < d < 50 ym) may be calculated by considering a turbulent eddy 

diffusion or eddy impaction process in which the particles are assumed to 

acquire momentum towards the wall as a resu lt of turbulence and the mass 

of the particle.

The largest droplets or particles (Kn < 0.1 or d > 50 ym) have a 

high inertia and are less readily deposited by the turbulent velocity  

component. This process is  dependent on flow conditions, flu id  and
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droplet properties and i t  is  known as turbulent impaction.

This section involves the history of developing the theory of 

deposition of particles in the range of d < 2.0 ym through the turbulent 

flow onto the surfaces. The published work on the deposition of large 

particles w ill be mentioned very briefly. The section is  divided into 

two main studies, f i r s t ly  the theory of deposition of small particles 

without taking thermophoresis into account, and secondly, the theory 

including the effect of thermophoresis on the deposition process.

For small particles or droplets a number of assumptions are made 

concerning the particles and the surrounding flow, these are:

1. The system (flu id  + particles or droplets) is  incompressible, 

two-dimensional and adiabatic.

2. Both phases are in equilibrium.

3. In a time-averaged sense, the system is  in the steady state.

4. The droplets or the particles are r ig id  spheres.

5. No body or external forces act between partic les, and no co llis ion s  

occur.

5. There is  no s lip  between the flow and the particles.

I . Diffusional deposition without thermophoresis

For adiabatic flow with low ve locities, thermophoresis makes only 

a small contribution to the process of d iffusional deposition and can 

therefore be neglected. The deposition flux through a turbulent flow, 

therefore, can be determined from equation (2.21),
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The f i r s t  d if f icu lty  that must be overcome in order to solve 

this equation is  the determination of the turbulent d iffu s iv ity  of the 

particles. For small particles (d < 1.0 pm) a ll the investigators in 

this fie ld  assume that the d iffu s iv ity  of the particles and the v iscosity  

of the flu id  are identical, (i.e . £p = e^).

By adopting the c la ssica l approach of subdividing the boundary 

layer into three zones, (laminar, buffer and turbulent), some investigators 

assumed in laminar sublayer to be zero. Lin et al (69), found, however, 

that when e = c,. = 0.0, in the laminar sublayer, and equation (2.21) was
H *

integrated to obtain the deposition velocity coefficient, the theoretical 

results fe ll considerably below the experimental ones. In order to 

overcome this discrepancy they proposed the following variation of 

in the laminar sublayer,

JÜv y
T475

+ i3
(2.63)

This is  purely empirical to a lign  their model and experimental resu lts. 

Substituting equation (2.63) into (2.21) and integrating gives them the 

equation of deposition velocity coefficient,

U„ r
hd =

^d 7
(2.64)

where (j>d = 1 + (Sc ) 2/3F(Sc ) + 5Jin • 1 + 5.64 Sc____
6.64(1 + Û.041SC) -4.77 (2.65)

F (Sc) = 0.5 Jin
- n  + TTT5(Sc>1/3>2__________ ;

1 - t| ^ ( S c ) I/3+ <t t c M Sc>2/3
+ / I  tan -1 rn?5<Se)1/3-1-

n

. ir/J 
+_5~

( 2 .6 6 )

f  = skin fr ic tio n  coefficient
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Lin et al (69) found, for their experimental conditions, that at a 

distance far away from the wall (outside the laminar sublayer) the mass 

transfer of the particles is  ‘less important and can therefore be neglected. 

El-Shobokshy (37) and Davies (4) in their simulation method to determine 

the deposition distribution of the fog droplets on L.P. steam turbine 

blades, have used the approach of Lin et a l . Although they found a 

good agreement between their experimental results and the Lin et al model, 

the flow conditions and the particle properties used are not the same as 

those found in the actual turbine. Their results (theoretical and 

experimental) served only to give an indication about the behaviour of 

the fog droplets, but cannot truly describe the deposition d istribution  

of fog droplets on the blade surfaces in the real turbine (more detail can 

be found in Chapter 7).

Davies (72), who did not assume a laminated structure for the 

boundary layer, also derived an empirical equation for based on his 

experimental results for pipe flow,

3
V 2:5 x 1 0 \ 2

(2.67)

1000 (f .̂ ~ ^ )

where F] = 4 - (y+)0,08

'2  400 + y1

y+ = y u*/v

This equation is  valid  for a wide range of y (0 < y+ ^ 500)

The model of Friedlander and Johnstone (87) is  sim ilar to that of 

Lin et al except that the diffusion coefficient (D) was neglected in the 

laminar sublayer, buffer layer and turbulent core which is  reasonable for
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particles of more than 1.0 ym diameter.

Beal (66) used the theories of Friedlander-Johnstone and Lin et al 

in order to define a new equation of deposition flux of particles having
_3

a very wide range in size (1 x 10 < d < 30 ym) in channel flow.

Vd =

/ f
ü J l

1 + 10

vh+

S \/n n r»irr> xln f D + 5.04v 10 ,, o .( D-0.959v) Mm o+ _ t" (6 - ~F-)
' )  l  D+V(^_ _ 0.959y '

1-13.73/7

A

where h+ = dimensionless channel spacing or pipe diameter

h g/ ?

(2 .68)

v

S+ = dimensionless stopping distance = S ~ J \
v

f = fr ic tion  factor.

Owen (88) proposed a simple formula for the deposition of particles 

in the intermediate size range, and i t  correlates well with the published 

experimental data, i t  is  written in the form,

Vd = 4.5 x 10'4 t/

where = dimensionless relaxation time = ^
2

m p d
x = relaxation time = -r = - tw 

r hd,s

U+ T* r

ip

(2.69)

Fj s = Stokes drag force (valid only when Rep < 1.0).

Sehmel (71) defined the eddy d iffu s iv ity  of partic les, in an 

intermediate size range, in terms of y+ and xr+ along the horizontal, 

vertical and ce ilin g  surfaces as follows,
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1. For horizontal surfaces,

eM +
v = * <y >

1.2

where ip = 0.531 exp (- 0.033 u*)

(2.70)

2 . For vertical surfaces,

e m + 1 J  + 1j= 0.011 (u+ ) ( T r + )

For ce iling surfaces,

a. when u* = 0.34 m/s

eM x 1-3 . 1*3
~ =  0.0041 (y+) ( T r+ )

b. when u* = 0.75 m/s

eM + +
- V  = 0.0087 (y+) ( t / )

(2.71)

(2.72)

(2.73)

These equations are generalised from the experimental resu lts, and 

are valid for limited range of u* and y+ (0.34 < u* < 0.75 m/s and

0.004 < y+ < 15).

McCoy and Hanratty (9) have plotted most of the available  

experimental results of dimensionless deposition velocity of partic les, 

which have a wide range of sizes, against dimensionless relaxation time.

They modelled these results using a number of empirical equations, depending 

on the particle size. These formulae are:
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1. For small particles (d < 1.0 pm),

Vd = 0.086 u* Sc-0.7 (2.74)

the deposition velocity is not dependent on relaxation time ( t  ) .

2. For intermediate particle size (1 < d < 10 ym)

Vd = 3.25 x 10"4 (xr+)
2

(2.75)

3. For large particles (d > 10 ym)

Vd = 0.17 u* (2.76)

the velocity of deposition appears to be re lative ly  insensitive to the 

particle diameter and to the relaxation time. Equations (2.74), (2.75) 

and (2.76) are for predicting the deposition velocity of particles on 

the vertical surface only.

Crane (89) has studied the deposition flux of droplets, with 

intermediate and large sizes, on the wall of a wet steam turbine cross­

over pipe.

The deposition of very large drops (d >150  ym) on the walls has 

been investigated by Farmer et al (90). This range of sizes may be 

re-entrained into the steam flow from the water film  which is  deposited 

on the L.P. steam turbine fixed blade.

Rouhiainen and Stachiewicz (6) concluded that, for intermediate 

droplet sizes, the concept of Stokes' stopping distance is  not valid under 

most flow conditions used in their work, (Re^ < 3 x 10^, d > 10 ym), 

since the effect of shear flow induced transverse l i f t  forces on the

particle and i t  cannot, therefore, be neglected.
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Kubie (91) and Trela et al (8) have described the motion of 

large droplets in a turbulent flow. They presented two new models of 

droplet deposition on horizontal and vertical surfaces. They found a 

good agreement between the results from the theoretical models and their, 

and other experimental results.

Crane (2) has made a good survey on the movement of fog droplets 

in 500 MW L.p. steam turbine. He concluded that droplets with diameters 

below 0.5 ym cannot deposit on the leading edge and the concave surface 

by inertia impaction, since the collection efficiency is  very low and is  

not sign ifican t.

I I .  Diffusional deposition with thermophoresis

The turbulent flow over smooth surfaces is  often associated with 

high velocity gradients (along x and y axes) and a high temperature 

gradient due to fr ic tion . Therefore thermophoresis can have a great 

effect on the movement of the particles or droplets inside the boundary 

layer as a resu lt of temperature gradient. The mechanism of thermophoresis 

is  to drive the particles to or away from the surface, depending on the 

variation of the flu id  temperature in the boundary layer region. In the 

case of heated surfaces, the combined effect of molecular and eddy diffusion  

on the small particles (d < 1.0 ym) w ill be opposed by the thermophoretic 

effect, which w ill be acting to repel the particles away from the region 

of higher temperature, (i.e . in the present case, the blade surface).

The contribution of thermophoresis on the particle movement in the turbulent 

flow is  lower than that in the laminar flow, since the effect of eddy 

diffusion  exceeds that of Brownian d iffusion  in most cases.

El-Shobokshy (28) investigated the effect of thermophoresis on
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the deposition flux of partic les, for a range of sizes, on a horizontal 

pipe wall. The wall temperature was increased from 20°C up to 200°C.

He found that:

1. When the wall temperature was increased by 30°C, the small 

particles (0.1 < d < 1.0 ym) were not deposited on the wall.

2. To prevent deposition of particles in the intermediate size range 

(1 < d < 6 ym), the wall temperature was increased by 80°C.

3. The large particles (d ^ 100 ym) are pushed away from the wall 

when the wall temperature was increased by 180°C.

His mathematical model consists of two equations, one for 

determining the deposition velocity and the other for calculating the 

thermophoretic velocity. He solved the two equations separately and 

then calculated the resultant velocity by adding the two ve locities  

algebraically.

Vermes (29) studied the deposition of large particles (Kn < 0.1) 

on cooled gas turbine fixed blade. He found that when the blade is  cooled 

to 593°C (the gas temperature is  1427°C), the deposition flux increased 

by 10 - 30 times due to the thermophoretic effect. The increase in the 

deposition is  also dependent on the flow conditions of the gas.

Wood (30) investigated the deposition of molecules of acid vapour 

^ SO ^ ) and Mg (OH)^ powder on the walls of flue ducts in o il- f ire d  power 

stations. He found that the deposition flux increased by 7 - 12%, when 

the wall temperature was below that of the flue gas, as a resu lt of 

thermophoresis. The benefits of thermophoresis in his case were:

I t  increased the deposition of Mg (OH)^ powder on the duct wall1.
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where i t  reacts with the deposited to produce harmless

materials, therefore, preventing atmospheric pollution.

2. The wasted heat from the flue gas can be used in preheaters, 

therefore increasing the efficiency of the plant.

For small particles or droplets, a theoretical model for 

determining the combined effect of d iffusion  (Brownian + eddy) and 

thermophoresis on the movement of the particles in the turbulent flow was 

f i r s t  established by Davies (4).

N ■  <D + Ep> 3§ + VT C <2’77’

However, he used the empirical formula due to Lin et al for

defining ep, in which he assumed the concentration gradient and the mass

transfer due to thermophoresis and diffusion outside the laminar sublayer

to be in sign ificant. From equation (2.77) one can see that the effect

of thermophores is  is  extended to the edge of the thermal boundary layer 

d cbut^y is  also s ign ifican t through the remainder of the d iffusion boundary 

layer. This can be seen from the comparison between Davies' theoretical 

and experimental resu lts. The theoretical results of the net deposition 

are always below the experimental resu lts, by a factor of s ix  in some cases.

Most investigators neglected the transfer of mass outside the 

laminar sublayer. However in the present work, the combined effect of 

evaporation, d iffusion and thermophoresis through the entire thickness 

of the turbulent boundary layer is taken into consideration.

Van D rie st 's  model was used for defining the eddy d iffu s iv ity .  

Modification of that model was introduced since the flow in the actual 

turbine is  subjected to relaminarisation. Therefore the flow conditions
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and the boundary layer characteristics in the real steam turbine are 

entirely different from those studied by El-Shobokshy (37) and Davies (4). 

The effect of laminarisation of turbulent flow on the eddy v iscosity  and 

on the concentration gradient w ill be discussed in Chapter 7.
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C H A P T E R  3

RECENT METHODS FOR FINDING THE DISTRIBUTION OF WATER DEPOSITION 

ON LOW PRESSURE STEAM TURBINE BLADES AND FOR SUPPRESSING EROSION

3.1 Introduction

I t  is  clear that the deposition and accumulation of fog droplets 

(O.Ol - 1.0 ym diameter) are a principal cause of possible erosion. A 

series of investigations into the deposition mechanisms and mass 

distribution  within the L.P. steam turbine have been carried out since 

the late s ix tie s  in the steam laboratory at the University of Liverpool.

The aim of these studies has been to find a suitable method for controlling  

the deposition of droplets and hence erosion of the turbine blades.

There are many mechanical and thermal methods of controlling  

erosion. The main function of these methods is  to reduce part or a ll 

of the cause of erosion; these methods are:

1. Provision of local hardened surfaces.

,, 2. Increase of axial distance between the fixed and moving blades

to allow longer time for droplet acceleration.

3. Reducing of blade surface area in order to minimise deposition.

This method is  not practical for modern turbines, since the 

extraction of energy from low pressure, low density steam 

requires large blade surface areas.

4. Extraction of deposited water from the blade surfaces.

5. Heating of the blade surface to evaporate the water which has

deposited or to prevent the deposition of droplets in the flow.

6. Acceleration and/or atomisation of water drops during transport.



This Chapter presents a comprehensive review of the methods 

developed for measuring the deposition rate and for controlling the 

erosion within the turbine. Due to the long history of steam turbines, 

i t  is  not practicable to give a complete review. For this reason the 

methods introduced here are those which have been employed since 1964.

3.2 The Deposition of Fog Droplets onto the Turbine Blade

Generally the deposition rate is  a function of the droplet size 

and the nature of the flow of the medium (a ir, steam or any gas).

Through the la s t  stages of the steam turbine, the steam with a small 

in it ia l degree of superheating, expands rapidly inside the saturation region, 

and the flow becomes supersaturated. Subsequently, self-nucleation takes 

place to form a large number of very fine droplets, usually called fog.

The size and growth of the droplets depends upon the rate of expansion 

(p). When this is  low, re lative ly  large droplets can be formed.

However, for a ll values of (p), the droplet sizes are in the range

0. 01.- 1.0 ym in diameter. The means of deposition of these droplets 

on the blade surfaces may be:

1. Impact d iffusion  - at the stagnation point.

2. Eddy d iffusion - inside the transition zone.

3. Brownian d iffusion  - inside the laminar flow.

4. Eddy plus Brownian d iffusion and eddy impaction - inside the 

turbulent flow.

Ryley and Parker, El-Shobokshy and Davies (15, 37, 4), used a 

simulation method to find the rate of deposition of droplets on the blade 

surface. They used uranin particles of sizes 0.05 - 0.25 ym in diameter, 

and a ir  as an entrainment medium. The methods are outlined below.
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3.2.1 The Ryley-Parker method

The f i r s t  simulated attempt to find the concentration distribution  

of deposited droplets on the blade surfaces of the steam turbine was made 

by Ryley and Parker (15). Blades were selected, sim ilar to those used 

in a 500 MW steam turbine final stage, for testing. Uranin particles 

were used since they fluoresced and were more easily  traced and handled 

and had density nearly the same as those of water. The extent of the

deposition was found by fluorimetric measurements of a prepared reception 

surface mounted on the blade. Ryley and Parker found that for droplets 

of 0.145 ym mass median diameter, the integrated deposit for the whole 

blade was 0.03% by mass of incoming aerosol. At high turbulence flow, 

the high rate of deposition was due to the superimposition of the eddy 

and Brownian d iffusion. This method, therefore, showed that the best 

position of the s lo t  for extracting the deposited water was where there 

was a high concentration of deposited particles on the blade surface.

The conclusion obtained from the results was that th is optimum position  

was near the tra ilin g  edge on both sides of the blade.

3.2.2 The Parker-Lee method

Parker and Lee (7) modified the above method by using two 

baffles upstream of the test blades in order to find the effect of 

turbulence on the deposition. The tests with in le t turbulence levels 

2.2%, 14% and 21%, showed that the d istribution  of deposition around the 

blade was generally the same. The turbulence levels have no effect on 

the rate of deposition of large particles (dmm =0.25 ym), but the 

deposition of smaller particles (dmm = 0.07 ym) rapidly increased in 

proportion to the turbulence. The total deposition however, as a mass 

percentage of the incoming partic les, was found to be 0.03%, a resu lt
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sim ilar to that of the f i r s t  method. Theoretical approaches have been 

made and i t  has been shown that these agree well with the experimental 

resul t s .

Parker and Lee found that:

1. The deposition rate in the turbulent flow is  greater than in the 

laminar flow by a factor of about 3.0.

2. The deposition rate increases as particle size decreases.

3. The use of the mass median diameter, for prediction, was found 

to give close agreement with observations.

4. There was no re-entrainment of the deposited particles to the

main flow. „

5. There was a high rate of deposition at stagnation points.

3.2.3 The Ryley-El-Shobokshy method

The deposition of submicron particles by a d iffusion  process onto 

steam turbine fixed blade, running at off-design conditions, was studied 

by Ryley and El-Shobokshy (3). Deposition tests were carried out with 

three different in le t ve locities to the cascade (9.5, 11.2 and 13.0 m/s), 

for each value of particle  size (0.07, 0.13, 0.19 and 0.24 ym). The 

technique adopted to record the deposition rate of the particles was the 

same as that used by Ryley and Parker (15).

Ryley and El-Shobokshy found that:

1. Any remaining electrostatic charge on the blade has a negligib le  

effect on the deposition process.

2. The rebound energies of the partic les, upon c o llis io n  with the 

blade surface, were not enough to return them back to the main flow
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i f  these particles were less than 0.9 pm in diameter. I t  was 

recommended that double-sided adhesive tape be used to record 

the deposition rate i f  the particles were greater than 0.9 pm 

in diameter.

3. On the convex surface, the total deposition was the same whether 

the incidence angle was equal to -15 degrees (off-design) or 

zero degrees (fu ll load). But on concave surfaces, i t  varied.

4. For the submicron particles, the deposition rate is  inversely 

proportional to the size of the particle for given turbulence 

levels and flow velocities.

5. There was close agreement between the experimental and theoretical 

results. Consequently, this method can be employed to study

how much deposition would occur in the actual low-pressure steam 

turbine.

3.2.4 The Ryley-Davies method

In this method the arrangement of the apparatus and the techniques 

to find the d istribution  of the deposition on the blade surface were the

same as those used by Ryley and El-Shobokshy (3).

Ryley and Davies (92) studied the effect of thermophoresis on 

the deposition of submicron particles. This method was the la s t  one 

employed in a series of simulation method tests and i t  represented an 

improvement in the reduction of erosion damage. Davies had replaced three 

reinforced fib re -g lass blades in the centre of the cascade by three 

semi-hoilow aluminium blades. The metallic blades were heated at a rate

of about 600 W/m̂  and the blade surface temperature was measured by

25 thermocouples mounted along the centre line of the blade.
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Ryley and Davies found that:

1. The blade surface temperature increased s lig h t ly  from the leading 

edge value to a maximum value at x/c = 0.3 and then decreased 

until i t  was almost constant towards the tra ilin g  edge.

2. The particles of less than 1.3 ym diameter were most lik e ly  to 

be captured upon co llis io n  with the blade surfaces.

3. The drag force on the largest particle (0.25 ym) was found to be 

negligib le compared with the force required to dislodge i t ,  thus 

confirming that re-entrainment was unlikely.

4. The deposition rate was reduced by between 30% to 90% at most 

positions on the heated blades.

5. The thermophoretic effect decreased in direct proportion to the 

particle size.

6. The experimental results of thermophoretic deposition exceeded 

the predicted results by about 6 times.

7. The simulation technique proved to be convenient, economical 

and easily  monitored.

3.2.5 The lim itations of the methods

1. The four simulation methods gave only a crude prediction of the 

distribution  of droplets on the blade surfaces in the actual steam 

turbine, since by using a ir  as a medium, the phenomenon of 

supersaturation had been largely ignored.

2. The probability of the droplet growing along the blade passage was 

not taken into consideration since so lid  partic les were used.



Ryley and Davies (92) studied the diffusion and thermophoretic 

effects. However, in the real case evaporation occurs when a 

temperature gradient exists within the boundary layer.

The methods indicated re liab ly  the effect of particles or 

droplet size on d iffusion or thermophoretic processes, but the 

fact that droplet sizes are variable and may increase or decrease 

in the actual L.P. steam turbine had not been taken into 

consideration.

The thermal conductivities and densities of water and uranin 

are different so that for a given temperature gradient, the 

magnitude of thermophoretic forces on particles of the latter  

w ill also be different.

Simulation method gives re liab le  results when i t  is  employed 

in other fie ld s, rather than steam turbines, such as in the 

health, industrial and environmental, etc.

U 0
° ° C  \Although the velocity ratio  (n— ) along the path of the fixed
°°1

blades in simulation methods, is  approximately the same as in 

the actual turbine (500 MW), the characteristics of the boundary 

layer and the nature of the flow w ill be d ifferent and i t  might 

give rise  to laminarisation in the la tte r case. Therefore, a 

different level of deposition and of thermophoresis might be 

obtained.

The presence of a temperature gradient inside the boundary layer 

may relieve supersaturation, and superheated flow could be obtained 

near the blade surfaces in some areas.
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3.3 Methods in use for Suppressing Erosion in L.P. Steam Turbines

Preventing or reducing erosion damage of the rotor blading by 

overcoming the cause of erosion, increases the l i f e  of a turbine and 

may improve stage efficiency. Many methods have been suggested to 

suppress the wetness. Wood (11) has an excellent survey of the methods 

proposed and used up to 1960. The principle most frequently used is  

the separation, by different mechanisms, of the water either from the 

surfaces of stationary blades or from the axial gap before the rotor 

blades. The most satisfactory method is  that which w ill remove the 

greatest amount of deposited water without disturbing the main flow.

Some of the methods developed increase the resistance of the leading edge 

of the rotor blades, others used a combination of surface hardening, 

water separation and blade heating. A comprehensive survey of the main 

methods of reducing or diminishing the effects of erosion has been compiled 

by Ryley (13).

3.3.1 Suction s lo t  methods:

Many investigators have studied the characteristics of suction 

slots for water removed (such as the performance, location, number and 

dimensions) under different in le t conditions of the working steam or 

air/water flow. Some of these methods are presented here.

1. Vuksta (93) suggested a gutter on the convex side of each stator 

blade at it s  intersection with the outer ring. The gutter was 

intended to co llect and draw away the water which otherwise 

formed a film  on the convex surface of the blade. I t  communicated 

with the condenser through the passage in the ring. Recently, 

many investigators found that the suction s lo ts on the concave 

are the most effective and e ffic ien t on reducing the accumulated 

water on the blade surface.
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2. Skopek (94) used a system of 2 mm diameter holes and 2 mm wide 

slots on the concave surface. He observed that slo ts were 

3 - 4  times more effective than the holes, and the slo ts adjacent 

to the tra ilin g  edge removed two-thirds of the total water drained. 

The s lo t  efficiency was found to rise  with the steam wetness, 

while that of the holes remained practica lly  constant.

Therefore, the slots were recommended rather than the holes

for increasing the extraction efficiency.

3. Todd and Fallon (95), from the tests on a cascade of hollow blades, 

established the fe a s ib ility  of water extraction by tra ilin g  edge 

suction s lo ts. They also found that blowing superheated steam 

through the slots caused an accelerative effect on water stripped 

off the blade surfaces, but i t  was not economical. Therefore, 

blowing through the s lo t is  an inferior method to extraction.

4. Brown Boveri & Co. Ltd. (96) proposed a d ifferent method to 

eliminate or reduce erosion on L.P. rotor blades. They 

introduced auxiliary steam into the steam path through one or 

more o rifices in the stator or the rotor blades. The auxiliary  

steam is  a t  a su ffic ien tly  high temperature to reduce or eliminate 

condensation in the steam path. The mixing of the auxiliary

and working steam takes place as a re su lt of expansion and 

turbulence. However, i t  appears that the effects of this method 

on the nozzle or rotor efficiency can be serious, since the boundary 

layers are disturbed.

5. Smith (97) b u ilt  an accurate cascade of hollow blades for an 

experimental turbine to determine the best s lo t  arrangement for 

water drainage. He concluded that a s lo t  along the tra ilin g  edge
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is  superior to both convex and concave face slo ts when the blade 

is  unstalled, and almost complete drainage seems possible, so long 

as the pressure in the hollow interior of the blade is  kept below 

the static  pressure a t the tra iling  edge. The additional 

condensation due to cooling the internal surface of the blade 

in this method was not taken into consideration. Although he 

obtained encouraging results, the economics of the method and 

the change in the stage efficiency have not been studied.

6. Ryley and Parker (98) also used a hollow fixed blade from a low

pressure turbine with a suction s lo t  located in the tra ilin g  edge. 

Different in le t conditions of the steam were employed in order to 

test the s lo t  performance under the actual conditions found in 

the L.P. steam turbine. They were successful in removing most 

of the water collected on the surfaces of stationary blades and 

in protecting the rotating blades from erosion damage. The 

investigation showed the effect of the shape of the s lo t  lip s  

on the efficiency of extraction. They found that part-rounded 

l ip s  were the most satisfactory. When demonstrating th is, the 

s lo t  was never run fu ll,  but with a mixture of steam and water, 

so that although erosion was reduced, there were two losses:

( i)  Thermodynamic losses due to the fac t that extracted steam 

and water have a high enthalpy.

( i i )  Aerodynamic losses and s lo t  losses.

They observed condensation taking place due to a difference 

between the temperatures of the inner and outer surface of the 

blade when suction was applied. Internal insulation could improve 

this method by reducing the outer surface cooling.
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7. Todd and Gregory (99) concluded from their tests on a 60 MW 

working turbine, that a s ign if ican t reduction in wet steam 

erosion can be achieved by the use of tra ilin g  edge suction s lo ts.  

Clearly a small penalty must be incurred due to the thickening

of the blade tra ilin g  edge and the removal of steam. However, 

they observed no measurable loss in output because of the suction 

in the s lo t  and no detrimental effect on moving blade vibration, 

conditions. Also no benefit from the alternative scheme of 

injecting steam through the s lo t  was observed.

A manufacturing process for a hollow blade has been proposed, 

which may encourage the turbine designer to employ one of these 

methods.

8. McAllister and Moore (100) investigated hollow fixed blades with 

slots distributed along the tra ilin g  edge and along concave and 

convex surfaces to communicate with the hollow cavity. Their 

results revealed that hollow blades with suitably disposed 

slots can remove water deposited on the blade surfaces. No 

accumulation of water occurred on the convex surface and hence

a s lo t  on this surface was ineffective. The tra ilin g  edge s lo t  

was as effective as the concave s lo t  for flow velocity up to 

about M = 0.5 but decreased seriously a t  higher Mach numbers.

A large L.P. turbine runs under supersonic flow conditions in the 

la s t  stage; i t  therefore appears that the suction s lo t  method 

becomes ine ffic ien t for modern turbine applications.

9. K ir illo v  et al (101) carried out their investigation on a fu ll 

scale diaphragm with a d ifferent arrangement of s lo ts along the 

blade surfaces. The diaphragm provided for moisture removal
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through a system of slots in the leading edge of the blades on 

the convex surface side and through a s lo t  on the concave surface 

at a distance of x/c = 0.38 from the tra ilin g  edge. Tests were 

carried out to measure the removed moisture from each group of 

s lo ts independently. They concluded, from their experimental 

resu lts, that:

( i)  In a ll operation modes the s lo t  on the concave side of

the pro file  was found to be more effective than the group of 

s lo ts on the leading edge.

( i i )  The influence of regenerative extraction of steam on 

reducing the efficiency when the water is  removed by slo ts  

on the leading edge, is greater than that by slo ts on the 

concave surface.

3.3.2 Internal blade heating methods:

Blade heating techniques have been considered as an alternative  

method for eliminating the erosion of the moving blade. The majority 

of the investigations into these techniques and studies of the benefits 

obtained have been carried out since the late s ix tie s. Some of these 

investigations are listed  below:

1. Konorski et al (102) have investigated, experimentally and

theoretically, the effect of internally heating the stator blade 

for removing partia lly  or completely the deposited water on the 

blade surfaces. They concluded that:

( i)  The process is  strongly affected by the heating system 

conditions; with high steam temperature i t  is  possible 

to evaporate the entire water film .
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( i i )  The effect of heating with steam extracted from the stage 

directly  preceding the heated one, is  very poor.

( i i i )  The evaporation from the convex surface is  higher than 

that from the concave surface.

2. Engelke (103) sought to ensure su ffic ien t heating to evaporate 

any deposited drops before they had time to coalesce and form 

rivu lets. He made a series of tests on steam-heated stationary 

blades, but no analytical work has been published up to the present 

time. Engelke found that there is  a d is t in c t  difference in the 

erosion damage between the system in which moisture is  removed 

through a suction slo t, and that using the same blade but 

internally heated, to evaporate the moisture. The damage 

associated with internally heated blades is  in sign ifican t and

much less than that using suction s lo ts wherever located on the 

blade surface.

3. Venhoff (105) used the guide blade as a heat exchanger. The 

hollow blade was divided into two channels and they were connected 

together inside the guide blade by a transverse channel. The 

hot steam supplied flowed inwards through one of the radial 

channels inside the guide blade and through the transverse channel 

at the inner ring, the heating steam then flowed outwards through

the other channel. He claimed that this method, with a satisfactory  

quantity of heat, can reduce the wetness in the steam turbine and 

improve the thermal efficiency of the stage, but no experimental 

or theoretical evidence has been presented.

4. Akhtar et al (106) demonstrated that a single  blade in a steam 

tunnel could be kept clear of surface water by only a small amount
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of heat. The blade surface temperature was adjusted to be 

greater than Leidenfrost temperature in order to obtain the 

phenomenon of Leidenfrost (c r it ica l heat flux) and thus enough 

heat to deflect and evaporate the main flow water droplets away 

from the blade surfaces. The analysis is  based on the relationship  

between the pressure and temperature of the steam flow which is  

only valid for equilibrium flow; i t  is  not valid for supersaturated 

flow which is  the dominant flow in the real turbine. However, 

their results are very useful for the turbine designers and 

show that the internal heating method is  successful i f  i t  is  

used before the formation of the water film  along the guide blades. 

Also the results show this method is  the only one which can be 

currently employed that causes no damage to the aerodynamic and 

thermal properties of the flow inside the blade passage, w hilst 

preventing erosion of the rotor blade.

3.3.3 The combined effects of suction s lo t  and internal heating

K ir illo v  et al (104) observed that about 20% of the deposited 

water separated from the fixed blade tra ilin g  edge w hilst 80% of i t  did 

not separate. With the given arrangement of the slo ts up to 80% of 

the moisture moving in a film  over the upper half of the fixed blade, 

could be removed. The remaining quantity of moisture has a small effect 

on the stage efficiency but can erode the moving blade. Therefore,

K ir illo v  et al proposed a new method of removing the entire deposited 

water by using the combined effects of extraction and internal heating 

methods. A part of the deposited water can be removed through the slo ts  

arranged over the leading edge and the remaining moisture removed by 

evaporation on the surface of the blade or in a steam jet. The advantages 

claimed for the suggested methods are:



82.

( i)  A small amount of heat can be used to evaporate the remaining 

deposited water rather than trying to evaporate the total 

accumulated water on the blade surfaces.

( i i )  Heating blade may increase the stage efficiency.

( i i i )  The rotor blades are absolutely protected from erosion.

There are also disadvantages of the method, as:

( i)  The distribution of the deposited water on the blade surface has 

been reported to be maximum at or near the tra ilin g  edge, therefore, 

i t  is  not possible to remove 1/2 - 2/3 of the deposited water 

through the slo ts along the leading edge.

( i i )  There is  no experimental confirmation (according to the author's 

knowledge) showing an increase in the stage efficiency by using 

th is suggested method.

( i i i )  The hollow blade required for th is method w ill be expensive to 

manufacture, since i t  combines two different protection techniques 

each of which w ill add to the cost.

3.3.4 Hardening and modifying the leading edge of the rotor blades:

Hardening of the leading edge of the rotor blade which is  most 

vulnerable to erosion, is  a well tried method and is  widely used since 

the erosion is  considered to be a dangerous feature. There are many 

proposals and investigations regarding the material for the shielding of 

the blade. Kazak et al (107) investigated a new method to increase the 

resistance of the rotor blade to erosion. The basic method can be outlined 

as follows:

( i)  On the convex side of the in le t edge of the rotor blade is

situated a f la t  piece inclined at an angle of 12 - 45° to the front
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of the cascade; i t  contains longitudinal grooves in order to 

s p l it  o ff the collected water towards the casing. A feature of 

the grooves, employed in this method, was that they were rounded 

in section.

( i i )  Anti-erosion protection provided by e lectro lytic  chrome plating

plus induction hardening along the part of the leading edge which 

was expected to be seriously damaged, gave excellent resu lts.

They carried out a long test (over two years) to determine the 

resistance to erosion of the rotor leading edge with a new 

chromium plating. I t  was found that the resistance was about 

five  times more than for the conventional design.

3.4 Conclusions

An appraisal has been made of the methods available for suppressing

or removing moisture from the surfaces of the turbine fixed blades in

order to decrease, or prevent, the erosion of the rotor blades. I t  can

be concluded that:

1. The level of fog droplet deposition is  nearly the same order of 

magnitude on the concave and convex surfaces.

2. There are two regions of high deposition rate, one the blade nose 

and near the tra ilin g  edge of the fixed blade.

3. Extraction of the deposited water can be achieved by arranging a 

series of s lo ts on the nose, on the tra ilin g  edge and near the 

tra ilin g  edge along both surfaces.

4. The most effective s lo ts are those along the tra ilin g  edge.

5. The dimensions and the number of the s lo ts depend on the amount of 

the moisture in the flow, the accumulated water on the blade surface 

and the velocity of the flow.
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6. Blowing steam through the s lo ts to remove the water appears to 

have a detrimental effect on the nozzle. I t  is  not an effective  

method.

7. Additional condensation occurs on the blade surface when using 

the suction method due to decreasing the blade surface temperature 

The rate of condensation increases i f  the d ifferentia l pressure 

between the interior and exterior of the blade is  increased.

A possible remedy can be achieved by insu lating the internal 

surfaces of the blade. This, however, w ill increase the capital 

cost of the diaphragm and i t  does not appear to be economical.

8. The width of the s lo t  in the tra ilin g  edge is  lim ited, since i f  

i t  is  increased, the aerodynamic performance of the blade w ill 

be poor.

9. In large turbines, suction s lo t  methods appear to be unsuccessful, 

since:

( i)  The extraction efficiency of the s lo t  w ill be reduced, since 

the flow is  supersonic.

( i i )  The aerodynamic losses are increased, therefore, the stage 

efficiency w ill decrease.

( i i i )  The internal insulation of the blade is  rather expensive.

(iv ) The s lo t,  in any flow conditions, extracts only a part of the 

deposited water, therefore the danger of some erosion remains

10. Hardening methods can increase the l i f e  of the rotor blade i f  

the mechanical properties of the blade shield are satisfactory.

To achieve a very good wear resistance property, i t  is  necessary 

to use very expensive materials and manufacturing technique.
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11. The combined use of blade hardening and suction s lo t methods may 

increase the l i f e  of the turbine but may prove to be too expensive.

12. Methods employing interstage superheating cannot be used in nuclear 

and geothermal power plants, since the steam sources generate 

saturated steam.

13. The internal heating method gives unsatisfactory results when i t  is  

used to evaporate a water film . However i t  is  an e ffic ien t  

method when used to prevent in it ia l deposition of the water 

droplets on the blade surface.

14. The benefits of using heating methods are:

( i)  No additional condensation occurs unlike the suction s lo t  

method.

( i i )  The aerodynamic losses w ill be reduced, since the thickness 

of the tra ilin g  edge is  not affected.

( i i i )  The thermodynamic losses due to wetness can be reduced.

(iv ) Prevention of deposition can be achieved by using a re la tive ly  

small amount of heat (to be discussed in detail in Chapter 8).

(v) I t  may be economically attractive (the economics analysis of 

the method w ill be presented in Chapter 8).

15. The heating method is  the only feasib le method at the present time 

for preventing erosion of the rotor blades.in the modern turbine.

16. The heating method can be improved by using more heat for surfaces 

with high deposition rates and less heat for those with low 

deposition rates, i.e . matching the heat rate to the duty required.
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PARTICLE DEPOSITION ON BLADE SURFACES

4.1 Introduction

Suspended droplets or particles entrained in a moving flu id  may 

be deposited on a surface by d ifferent mechanisms; the operating 

mechanisms may be:

1.
2.

3.

4.

5.

6 .

7.

8 .

molecular d iffusion  

turbulent d iffusion

diffusiophoresis (due to concentration gradient)

thermophoresis

sedimentation

electric mobility 

inertia l impaction 

eddy d iffusion  impaction

not of s ign if ican t magnitude 

in comparison with others in 

the present situation.

Depending upon the size of the partic les, one or more of these 

mechanisms are operative at any time. Experimental work has been done 

on particles with mass-median diameter of order of 0.186 and 0.135 ym 

which are produced from 5% and 3% uranin solutions. The contribution of 

this analysis is  to predict the wetness losses and erosion, then, the 

reduction of them by internally heating turbine blades. Also to 

correlate the effect of different variables acting together on the 

partic le. The experimental test technique was described in detail by 

El-Shobokshy (37) and by Davies (4) and can be successfully repeated. It  

was also the intention to compare the resu lts obtained with those 

evaluated from theories of diffusional deposition on unheated and heated

surfaces.
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4.2 Particle Generation and Size Measurement

4.2.1 Generation of submicron p artic le s:

The method employed in th is work was used successfully by Ryley 

and Parker (15) in the pioneering work for th is investigation. The same 

technique was also repeated by El-Shobokshy (37) and Davies (4).

The reasons for using this method are:

1. The generated particles are easy to trace and detect, so that 

exact masses can be determined.

2. The particles d issolve easily  in pure water, and the solution  

emits fluorescent lig h t  of su ffic ien t intensity to be detected 

by fluorimetric analysis.

3. I t  is  highly sensitive, simple to prepare and handle.

4. The partic les are not absorbed by the surface.

5. When the partic les are discharged into the atmosphere, they 

present no health hazard or harm to the environment.

There are different types of apparatus for producing a continuous 

supply of so lid  aerosols, such as the spinning disc atomiser, the vibrating 

orifice  monodisperse aerosol generator and atomisation of a solution by 

an atomiser impactor generator. The principle involved here is  the 

atomisation of a solution of an appropriate chemical compound in d is t ille d  

water or methylated sp ir it .  The liquid  droplets are then evaporated 

leaving behind minute particles of the orig inal solute. The 

atomiser-impactor generator was used in th is work and was maintained 

and operated for the condition as in Ref. (4), but because of maintenance 

and cleaning, the gap between the impactor plate and the case was s lig h t ly  

changed so that the same solution strength was used by Davies produced 

different particle  sizes. He found from a 5% uranin solution, the particle



88.

diameter was 0.25 ym, w h ilst in this work i t  was 0.186 ym. Fig. 4.1 

shows the processes of producing particles and injecting them into the 

wind tunnel.

4.2.2 Particle size measurement

Many methods ex ist for measuring the size of the droplet or 

the partic le, e.g. d irect particle  measuring methods of which one was used 

in the present work. There also exists indirect partic le  measuring 

methods and automatic counting and sizing methods,(details in Chapter 2).

The technique of electron microscopy was found to be the most 

useful and has been described in detail in Refs. (15, 37). The sampling 

process involved d iffusional deposition of particles on a g lass s lide  of 

dimensions 25 x 75 mm in preparation for coating and shadowing. The 

method of preparation of the sample was s lig h t ly  d ifferent from the method 

which has been used in Refs. (4, 37).

Basica lly , the procedure consisted of the following routine:

1. The glass slide  was washed by tap water using a detergent solution.

2. The slide  was placed in a beaker which was f i l le d  with de-ionised 

water and a few drops of soap, then the beaker was placed inside  

an ultrasonic cleaner (bath) for 15 minutes in order to obtain a 

very clean surface.

3. The slide  was kept inside a desiccator overnight to be completely 

dried.

4. The aerosol partic le  generator was started, the sonic je t ion 

generator was switched on, and the set le f t  running for about 

10 minutes to obtain the steady state for a ll the parts. The 

glass slide  was placed horizontally inside the aerosol pipe, between
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the holding chamber and the ex it valve for half an hour. The 

valves were set up as in Ref. (37). The particles were deposited 

on the glass surface and then the slide  was ready for coating by 

carbon and shadowing to obtain a good photograph.

( I)  The carbon coating, shadowing process and preparation of the 

specimen for electron microscopy

The method used for coating and shadowing in the present work was

more accurate than that used previously, and was economic both in time and

cost.

The procedure was as follows:

1. The prepared sample was placed in a vacuum coating unit.

2. Two 6 mm diameter carbon electrodes of hard grade were prepared, 

one electrode had a sharpened point and the other had a small 

circu lar groove on the blunt end. They were placed under the 

bell jar of the coating unit.

3. A v-shaped tungsten wire was connected to the e lectrical c ircu it  

of the vacuum unit as a resistance element, and a very small piece 

of platinum or gold was attached to i t  as the material to be used in 

the shadowing process, in order to improve the appearance of the 

partic le  under the electron microscope.

4. The glass slide  was positioned at an angle of 90° with the carbon 

electrode and an angle of 20° with the tungsten wire.

5. The bell jar was then placed in position and the unit was kept 

running overnight to bring the pressure within the bell jar down 

to 10  ̂ mm Hg.

6. The u n it 's  power was adjusted to supply the carbon electrodes with
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10 amps and 50% input voltage. This process was continued for 

15 seconds to obtain a perfect thin carbon film  covering for the 

particles.

7. The unit was le f t  for 15 minutes to recover the vacuum.of 

10 mm Hg in order to shadow the partic les.

8. The u n it 's  power was then readjusted to supply 30 - 40 amps with 

exposure time around 15 seconds to evaporate the piece of platinum 

over corresponding small sectors, of each p art ic le 's  surface.

9. The unit was brought back to atmospheric pressure very slowly in 

order to avoid destroying the thin carbon film  and the shadowing. 

The glass s lide  was then removed from the vacuum unit.

10. The slide  was tipped carefu lly a t an angle of about 45° in 

de-ionised water, the carbon film  le f t  the glass and floated on 

the water surface. Electron microscope grids (3 mm diameter) 

were used to catch a small piece of carbon film , using very fine 

tweezers. About 25 grids and 21 photographs were taken for

5% and 3% uranin solutions.

The advantages of this method were as follows:

(a) The carbon film  was saved from contamination, since shadowing 

was done a t the time of coating the sample.

(b) The time, the e ffo rt and the cost were about 50% of those from 

the method in Refs. (37, 4).

(c) In this method the carbon film  kept the shape and the size of the 

particles unchanged during the preparation of the electron 

microscope grids.

From the 21 photographs, the counting and siz ing of the particles 

for s ta t is t ic a l analysis was more accurate than from 5 photographs for each
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solution used in Refs. (37, 4).

( I I )  Particle size calculation (s ta t is t ic a l analysis)

The generated particles for the purpose of this work are clearly  

spherical as indicated in plates (4.1) and (4.2), but were polydisperse in 

size, therefore the mean diameter and the size d istribution  (geometric 

standard deviation) must be stated together with the nature of the size 

distribution.

There are many s ta t is t ic a l defin itions for the mean diameter.

Some of these are: arithmetic, geometric, number, surface, surface-volume 

and mass-median. Obviously, the most useful mean diameter for the 

present work, where the mass of the particles are required, is  the mass- 

median. The d istribution  of the polydisperse particles is  not of normal 

or Gaussian form, but is  skewed, r is in g  steeply a t the sm all-size side, 

then decreasing more slowly a t the large-size side. For this d istribution  

to be normalised, one can plot the size logarithm ically. In this case 

the geometric mean diameter is  a measure of the partic le  size, and larger 

and smaller particles w ill be distributed equally about it s  value. The 

normal probability equation as applied to the size d istribution , is:

where F(d) is  the frequency of occurrence of partic les with diameter d, 

£n is  the total number of partic les, 

dg is  the geometric mean diameter and defined by

2
[  (log(d) - log(dg) ] ^

2 (log (Spg))*

109 dg -
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and Spg is  the geometric standard deviation given by

l0S<S * *DG> =
Xn (log(d) - log (dg))2 

Ën ~

I f  the cumulative percentage of number of particles up to various 

stated sizes is  plotted against diameter on logarithm ic-probability paper, 

then theoretically a stra igh t line should be obtained. The median size 

can then be d irectly  obtained by reading the diameter corresponding to 

the value of 50% on the probability scale. The median size is  the 

geometric mean in the above case whereas a d irect p lot of cumulative 

frequency against diameter would yield  the arithmetic mean. The geometric 

standard deviation also can be obtained from the graph using the two values 

of diameter corresponding respectively to probabilities of 84.13% and 50%, 

and using the resu lt given from the probability equation:

S = 8^.13 percent size
uG 50 percent size

Sim ilarly, i f  the cumulative percentage of mass is  plotted, the mass 

median diameter can be obtained. Table 4.1 shows the analysis performed 

for particles produced from 5% uranin solution. The number line on 

Fig. 4.2 is  plotted using data in columnsl and 5 from Table 4.1, w hilst the

"mass line " is  plotted using data in columns 1 and 9 from the same Table. 

Hatch and Choate developed and sim plified the expressions to relate the 

median diameter to the other parameters of the partic le  d istribution  such 

as geometric mean diameter and geometric standard deviation. They 

considered the frequency of particles between two diameters d iffering  

in fin ite sim ally , then:

d F(d ) =
£n

log(SDG)
exp ' flog(d) - lo g (d g ))2! log ^  

2 (log SDG) 2 > dl
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By integrating the above equation:

log da = log dg + 1.51 (log SDG) 2

lo9 dmm3 = log dg3 + 10.362 (log SDG) 2 

where: d3 is  the arithmetic mean diameter
a

d is  the mass-median diameter mm

4.3 Description of the Experimental Rig

The experimental r ig  consists of two main parts, the particle  

generator and the wind tunnel. Figure 4.1 shows in detail the relevant 

components of the aerosol generator which were explained earlier. The 

wind tunnel as shown in Fig. 4.3 o rig in a lly  designed by Ryley and Parker (15) 

was low speed and open c ircu it. I t  was constructed to provide a maximum 

a ir  velocity (at fu ll load) of about 60 m/s a t ex it from a cascade of 

six fu ll- s iz e  blades (five blade passage). The blades were made of 

reinforced fib re -g la ss and mounted on one of the two acrylic  resin windows, 

the other was removable for access to the cascade. Filtered a ir  was 

drawn into the test cascade from a contraction unit. The f i lte r s  were 

used before the entry of the contraction un it to reduce the impurities 

from the in le t a ir  flow. The dimensions of the wind tunnel, the work 

section and the blade are shown in Figure 4.3 and Figure 4.4. The shape 

of the passage between the blades was convergent-parallel and is  shown in 

Figure 4.5. The a ir  flow through the tunnel could be controlled by means 

of a damper in the fan discharge duct. The injector pipe for the aerosol 

particles was located a t the top centre of the contraction unit a t a 

distance of about 15 cm below the honeycomb and the top f i lte r s .  The 

exhaust a ir  from the cascade passed through a reservoir containing d iffusing
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passages having a bank of g la ss-fib re  f i lt e r s  to absorb the outlet

aerosol particles from the cascade before the a ir  was discharged outside
3

the laboratory through a 600 m /min suction fan. In 1972, work was done 

by Parker and Lee (7) under design conditions with the blade a t zero 

incidence angle. Three years later, El-Shobokshy set up the apparatus 

in order to work under off-design conditions, hence the incidence angle 

of the flow was negative. Later, Davies extended that work in Ref. (37), 

with the incidence angle kept unchanged. In the present work the two 

experimental configurations (design and off-design) were both employed. 

Because the aerodynamic performance of the wind tunnel under the condition 

of zero incidence angle has been studied by Parker and Lee (7) and under 

off-design condition by El-Shobokshy (37) and repeated successfully by 

Davies (4), i t  is  permissible to use their experimental resu lts of the 

boundary layer around the cascade blade.

In the present study theoretical calculations were made to 

predict the boundary layer characteristics. The methods which were used 

here w ill be presented in Chapter 5. I t  was found that:

( i ) For zero incidence angle:

(a) Along the concave surface:

1. The laminar boundary layer starts from x/c = 0.0 and 

fin ishes at x/c = 0.75.

2. The transition  point is  a t x/c = 0.75.

3. The turbulent flow continues from the transition point 

until the exit of the blade passage.

(b) Along the convex surface:

1. The laminar flow extends along 0.0 < x/c < 0.55.

2. The transition  point is  a t  x/c = 0.55.
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3. The turbulent flow is  from x/c = 0.55 until the exit 

of the passage.

( i i ) For negative incidence angle (- 15°):

(a) Along the concave surface:

1. The laminar flow is  along 0.0 < x/c < 0.2.

2. The separation point is  at x/c = 0.2.

3. The turbulent flow is  between x/c = 0.2 and the tra ilin g  edge.

(b) Along the convex surface:

1. The laminar boundary layer starts from x/c = 0.0 and 

fin ishes at x/c = 0.65.

2. The transition point is  at x/c = 0.65.

3. The turbulent flow is  along 0.65 < x/c 1.0.

In the la tte r work, Davies replaced three reinforced fib re -g la ss  

blades by metallic (90% aluminium) ones. They were hollow blades, each 

one containing three separate channels of d ifferent sizes, as shown in 

Fig. 4.6, so they could be heated internally, by using hot a ir ,  in order 

to study the effect of thermophoresis on the deposition rate. The heating 

system which produced the h o ta ir  for heating the blades is  illu stra ted  in  

Fig. 4.7.

4.4 Temperature D istribution  a t In le t to the Cascade and around the Blade

The temperature d istribution  a t  the in le t, 10 cm upstream of the 

blades, was measured using a thermocouple on a traversing mechanism.

Temperature measurements were taken for each in le t velocity (13.0, 11.2 

and 9.5 m/s) a t constant fuel gas pressure and constant mass flow rate of 

heating a ir. The in le t temperature d istribu tion  is  uniform with a value
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ju st above atmospheric temperature, as shown in Fig. 4.8. There were 

25 thermocouples mounted on the surface of the blade in order to indicate 

temperature d istribution  around the test blade. Figure 4.9 shows that 

the d istribution  of the temperature for d ifferent incidence conditions are 

very sim ilar, since the local heat input to both surfaces are nearly equal. 

The curve for the convex surface is  s lig h t ly  higher than that of the 

concave surface between the leading edge and half way downstream, since 

there is  more heat transfer from the convex surface. The temperature 

distribution  up to 40% of the chord length from the tra ilin g  edge was much 

lower than for the remaining part of the blade, since channel (1) is  of 

smaller cross-section than that of (2) or (3), hence heat input is  less. 

Thermal equilibrium was also confirmed by checking the reading of the 

thermocouples every 20 minutes.

4.5 Deposition Test Procedure

The experimentation was divided into two main parts, f i r s t ly  

deposition on an unheated blade and secondly, deposition on an internally  

heated blade.

4.5.1 Deposition rate on the surfaces of unheated blade

The procedure for measuring the deposition rate on the unheated 

surface was as follows:

1. I t  was necessary to measure the level of background contamination

(tunnel and f i l t e r )  which existed in the a ir  drawn through the wind 

tunnel. The sampling probe (illu stra ted  in Fig. 4.10) was inserted 

in a position about 20 cm above the cascade in le t and the 

"m illipore" f i l t e r  (which had a pore size of 0.8 pm) placed in 

position (Fig. 4.10). The probe was then connected to the pump
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via a flowmeter. The removable cascade window was placed in 

position, and the tunnel set to run at an appropriate speed. The 

pump was run during a timed period of 4 - 6 minutes with the particle  

generator o ff, the flow rate through the probe being kept constant.

The sampling process was, in a few cases, isokinetic.

2. The f i l t e r  paper was removed from the probe and immersed into the 

fluorimeter test tube containing 4 ml of de-ionised water for about 

10 minutes to d issolve o ff any trapped partic les.

3. The fluorimeter should be started a t  lea st one hour before use.

The adequate standard solution was between 0.1 - 0.2 ug/ml for 

background contamination measurements. From the fluorimeter 

readings and knowing the flow rate the background concentration could 

be calculated.
/'

4. 1 ,2  and 3 were repeated for actual particle deposition but this 

time with d ifferent strengths of standard solution, the strengths 

depending on the concentration of dissolved partic les.

5. The concentration of particles in the blade passage can be found

by traversing the sampling probe along the centre line of the blade 

passage.

6. The deposition rate on the unheated blade was measured by the same 

technique as was used by El-Shobokshy and by Davies. Basica lly , 

the procedure was:

a. The third blade in the cascade was cleaned using acetone or 

methylated s p ir it  w hilst in position.

b. The adhesive aluminium tape (2.5 cm width) was also cleaned by

acetone.
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c. The tape then was wrapped around the central portion of the 

blade.

d. The metallic blade, the tape and the corners of the window 

were earthed in order to eliminate any electrostatic charges 

that might occur due to the a ir  flow over the blade.

e. The tunnel and particle generator were operated for a period 

of one hour. Then the wind tunnel and partic le  generator 

were stopped.

f. Using a sharp knife the tape was cut into (19) 3 cm pieces 

while the tape was on the blade, since the presence of the 

thermocouples prevented it s  removal.

Then, using fine tweezers, the pieces were peeled from the 

blade and wrapped around glasware and placed inside the 

fluorimeter tube which contained 4 ml of de-ionised water.

g. The standard solution, about 5 yg/ml, was selected for use 

in the fluorimeter in order to find the concentration of the 

deposited particle  on each piece of the tape.

Before each particle  deposition determination, the background 

contamination had to be found by repeating without partic le  injection.

I t  was then a simple matter to find the deposition rate of the partic les  

by subtracting the amount of background contamination from the deposition 

record of the partic les.

4.5.2 Deposition rate on the surfaces of the heated blade

The test blade surface, tape and wind tunnel were prepared as in 

the above procedure, this time with the hot a ir  delivery tubes from the 

mixing manifold connected to the blades. The a ir  and gas flow rates to



99.

the heater were adjusted and the heater started. When thermal equilibrium  

had been achieved between the blade surface and the surround a ir  (w hilst 

the tunnel was running), the aerosol partic les were then injected into 

the tunnel. After 60 minutes the tunnel and the heater were stopped and 

deposition analysed as for the unheated blade. In Refs. (37) and (4), 

there were general precautions observed during the deposition experiments 

which should be noted before any experimental work is  carried out.

During the experimental work, i t  was also necessary to clear any bubbles 

from the fluorimeter tube.

4.6 Deposition Results for the Unheated Blade

During maintenance and cleaning of the particle  generator, i t  

was found that:

1. The four atomisers had rusted.

2. The small holes through the two impactor plates were blocked by 

dried partic les and rust.

3. The valve between the holding chamber and the wind tunnel was 

jammed.

After cleaning and repairing the apparatus the position of the 

impactor plate had changed s ligh t ly .  The partic le  size is  affected by 

the adjustment of the gap between the impactor plate and the case of the 

impactor, and by the strength of the solution. In this work 5% and 3% 

uranin solutions were used to produce partic les having a mass-median 

diameter of the order of 0.186 ym and 0.135 ym respectively. These are 

different from those reported in Refs. (37), (4) and (7) for the same 

strength of uranin solutions, since the position of the impactor plate was 

changed. However, there was very good agreement with Whitby's resu lts
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which are presented in Fig. (4.11). El-Shobokshy, Davies and Parker and

Lee obtained particles with mass-median diameter about 0.186 ym from V!

uranin solution and 0.135 from 0.5% solution. However, the deposition

depends on the partic le  size and the flow conditions only and not upon

the strength of the solution. For a 0.186 ym particle  diameter,

deposition measurements were made in this work for blade Reynolds number
c c 5

(Re-j) of 1 .65 x 10 , 1 .95 x 10 and 2.25 x 10 corresponding to cascade 

in le t ve locities of 9.5, 11.2 and 13.0 m/s. For 0.135 ym particles  

measurements were only made for an in le t velocity of 13.0 m/s. The 

deposition results were c la ss ified  into two groups, f i r s t ly  for an in le t  

incidence angle equal to 0.0 degree (fu ll load running) and secondly, 

for a negative incidence angle equal to - 15 degrees (partia l load or o ff-  

design running). Figures (4.12) - (4.14) show the deposition rate measured 

along the blade surfaces for the cascade running a t fu ll load.

Figures (4.15) - (4.17) show the measured deposition rate along the blade 

surfaces when the incidence angle to the cascade is  - 15 degrees.

The background contamination was taken into consideration. All 

the results presented in this section and the following sections in this 

Chapter, show the measured deposition without background contamination.

The net deposition values were obtained by subtracting the amount of 

background contamination from the measured value of particle  deposition.

The deposition velocity a t any point along the blade surfaces can be 

determined by divid ing the local rate of net deposition by the corresponding 

concentra tion,

2
net deposition rate (yg/cm /h ) 

vd concentration (yg/ml)

The accuracy of the experimental resu lts depends on:
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1. The accuracy of measuring the background contamination.

2. The technique used to prepare the samples and recording the results.

3. The care taken during the experiment.

4. The duration of the experiment:

(a) A long period (not less than one hour), should give better 

resu lts; however i t  was noticed that the pressure inside 

the atomiser decreased slowly and affected the particle  

generation (i.e . the rate of generation is  decreasing).

(b) Measuring the deposition rates over a short period produced 

inadequate resu lts.

The results of the deposition rate for zero incidence angle are 

presented as a percentage of the aerosol passing through the blade passage in 

a zone 1 pitch wide by 1 cm deep to enable comparison with those of Parker 

and Lee.

4.6.1 Discussion of the deposition results for zero incidence angle 

(a) Discussion

The results shown in Figures (4.12) - (4.14) demonstrate c learly  

that d iffusional deposition plays an important role for submicron 

diameter partic les. The deposition rates inside the laminar flow along 

the concave surface (0.05 < x/c < 0.6) and the convex surface 

(0.05 < x/c < 0.6) are of sim ilar magnitude and consequently the deposition 

is  reasonably uniform in d istribution. At x/c > 0.7 along the concave 

surface and x/c > 0.6 along the convex, the deposition increases rapidly  

due to the combined effects of eddy and Brownian d iffusion . The increase 

in the deposition rate along the concave surface is  higher than that 

along the convex. The high deposition rate along the blade nose is  due
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to the effect of eddy impaction inside the stagnant flow. The total 

deposition along the concave surface is  nearly equal to that along the 

convex. The total mass of the deposited particles along the blade surfaces 

for particle sizes of 0.135 ym (Fig. 4.12) is  higher than that for particle  

sizes of 0.186 ym (Fig. 4.13) when the flow conditions are the same.

For the same particle  size and different flow velocity, the total 

deposited mass on the blade surfaces for flow velocity 13 m/s, is  higher 

than when the flow velocity is  9.5 m/s. More detail about the deposition 

process is  presented in the next section, (4.6.2).

(b) Comparison between the present results and those due to Parker

and Lee

Parker and Lee (7) have recorded the d istribution  of the deposition 

rate along the blade surfaces using the same flow conditions and the same 

apparatus as the present work. Figures (4.12) and (4.13) show that there 

is  a good agreement between the present resu lts and Parker's and Lee's 

results.when the flow is  laminar and a moderate agreement when the flow 

is  turbulent. In general the present results show a lower rate of 

deposition than those of Parker and Lee when the boundary layer is  laminar, 

w hilst in turbulent flow (x/c > 0.8 along concave surface and x/c > 0.6 

along convex surface), the deposition rate in the present work is  higher.

4.6.2 Discussion of the deposition results when the incidence angle

is  - 15° (off-design condition)

(a) Discussion

From Figures (4.15) - (4.17), i t  is  noticed that the total mass 

of deposited partic les on the concave surface is  always higher than that 

on the convex surface by 20 - 25%. According to the characteristics of
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1. On the nose of the blade, the deposition rate is  much higher than

on the adjacent points at both sides of the blade. This is  due

to the thickness of the boundary layer being very small. This

means that the concentration thickness is  also very small, and

dc
the concentration gradient gy  w ill have a higher value in the 

d iffusion  equation,

N =

2. Inside the laminar flow, as the boundary layer grows thicker 

downstream, i t  implies also an increase in the concentration 

boundary layer thickness, so that the value-gy w ill f a l l .

The deposition rate w ill then decrease continuously further 

downstream due to the growth of the velocity boundary layer.

This phenomenon can be noted on the concave surface between 

x/c = 0.0 and x/c = 0.2, and on the convex surface between 

x/c = 0.0 and x/c = 0.55, as shown in Figures 4.15 - 4.17.

3. Inside the turbulent flow, along the concave surface at x/c > 0.2, 

and along the convex surface at x/c > 0.55, the presence of 

eddies increase the deposition rate on the blade surfaces. The 

turbulent boundary layer grows in thickness causing an increase

in turbulence intensity, therefore, the deposition rate 

increases uniformly up to che t ra il in g  edge on both surfaces.

For the same particle size the deposition rate decreases with 

decreasing flow velocity, since the thickness of the boundary layer w ill 

be increased as seen in Figs. 4.15 - 4.17 for flow ve loc itie s equal to
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13, 11.2 and 9.5 m/s respectively.

(b) Comparison between the present results and those of E l-Shobokshy (37) 

and Davies (4)

The flow conditions, the droplet size and the experimental 

procedure used were the same as those in Refs. (37) and (4), therefore, 

a good comparison should be obtained between the three sets of results 

(the present, El-Shobokshy's and Davies' resu lts). The pattern of the 

deposition curves are almost the same, as shown in Figs. 4.15 - 4.17.

The present results have a good agreement with the resu lts due to Davies' 

and considerable agreement with El-Shobokshy's resu lts. The d istribution  

of the deposition rate in this work is  always higher than those in 

Refs. (37) and (4) along the blade surfaces. The best agreement between 

the three sets of results is  achieved when the flow velocity is  13 m/s, 

as shown by Fig. 4.15. The reasons for the small discrepancy in the 

results may be:

1. the droplet size is  not exactly equal to that used by El-Shobokshy 

and Davies, the difference in the mass-median diameter is  about

Q 0/O/o*

2. using a d ifferent uranin solution density to produce the same size  

of the partic les, may increase the concentration of the particles 

in the flow stream;

3. there may be s ta t is t ica l reasons. Mass-median diameter is  only a 

s ta t is t ic a l diameter and can be made up in many ways. A given 

value does not define the size d istribu tion  function for population.
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4.7 Deposition Results for Heated Blade Surfaces

The mass flow rate of the heating a ir  inside the hollow blade 

was adjusted for each chamber in order to reduce the temperature difference 

between the leading edge temperature and the tra ilin g  edge temperature.

I t  was impossible to achieve a constant blade surface temperature, since 

the hollow blade chambers are d ifferent in size and furthermore there is  

no room for a heating chamber near the tra ilin g  edge. The difference 

between the maximum and minimum temperature of the blade surface was about 

20% of the maximum temperature, and that was the lea st difference which 

could be obtained in the present work.

The experimental work for measuring the deposition rate along the 

heated surface was carried out for two values of incidence angle (zero 

and - 15°). For zero incidence angle the in le t flow ve locities were 

13.0 m/s and 9.5 m/s; two droplet mass-median diameters were also used 

(0.135 ym and 0.186 ym). Figure 4.18 shows the d istribution  of the 

deposition rate when the droplet size is  0.135 ym and the in le t flow 

velocity is  13.0 m/s. Figures 4.19 and 4.20 illu s tra te  the deposition 

rate along the heated surface for a droplet size of 0.186 ym and when the 

in le t flow velocities are 13.0 and 9.5 m/s. The results of net deposition 

are shown as a percentage of the aerosol passing through the blade passage.

For negative incidence angle (- 15°), measurements of the net 

deposition were carried out for three in le t ve loc itie s, 13.0, 11.2 and

9.5 m/s (Re.j = 2.25 x 10^, 1.95 x 10  ̂ and 1.65 x 105) and using particles 

having a mass-median diameter of the order of 0.186 ym. Figures 4.21 - 4.23 

show the results of the three experiments.

The background contamination was taken into consideration for the 

whole set of experiments, and i t  was in the order of 40 - 65% of the
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particle  deposition rate. The effect of thermophoresis on the deposition 

results is  shown as a percentage reduction in the deposition rate of the 

isothermal blade surface and presented in Figs. 4.24 - 4.26. The 

reduction was in the range 60 - 95%. Most of the experiments were 

repeated more than twice, since one test was considered in su ffic ien t to 

establish the deposition rate. Moreover, two tests for the unheated 

and heated surface under the same flow conditions were made in the same 

day, in order to overcome the effects of the weather on the background 

contami na tion.

4.7.1 Discussion of the results for a zero incidence angle

The effect of thermophoresis on the deposition of particles  

(0.135 and 0.186 pm) on the blade surfaces is  displayed on Figures 

4.18 - 4.20. The deposition patterns for heated blade and for unheated 

blade surfaces are almost identical for a ll flow conditions and partic le  

properties, but the total mass of deposition was considerably different. 

The total mass of deposition for the large partic le  (0.186 pm) was less 

than that for the small particle (0.135 pm) for the same flow conditions 

by about 30%, as shown in Figs. 4.18 and 4.19. The rate of deposition  

increases with decreasing particle  size within the range 0.1 - 1.0 pm 

diameter. This observation is  supported by the theory of d iffusional 

deposition where the thermophoretic effect is  seen to increase with 

increasing droplet size (Chapters 2 and 7).

In spite of the re la tive ly  high temperature gradient at the 

transition  point the increased particle  transport due to simultaneous 

laminar and turbulent d iffusion  resulted in high rate of deposition. The 

effect of thermophoresis on the nose and the tra ilin g  edge of the blade is  

less than that along the blade surfaces; the reasons for th is are;
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1. The mechanism of deposition on the blade nose is  a combination 

of Brownian,impact d iffusion and concentration gradient, w h ilst 

in the laminar flow along the blade surfaces the mechanisms is  

that of Brownian d iffusion and concentration gradient through 

the boundary layer.

2. The concentration layer along the leading edge is  very small

compared with that along the blade surface, since the boundary

dclayer starts from the leading edge. This gives a very high

value in the stagnation region and therefore causes a high 

deposition rate in the d iffusion  equation.

3. The flow near the tra ilin g  edge is  turbulent and has a turbulence 

level much higher than that far from the tra ilin g  edge. Therefore, 

deposition rate increases since i t  is  a combination of eddy and 

Brownian d iffusion.

4. The temperature difference between the blade surface and flow 

temperatures at the tra ilin g  edge is  smaller than that along the 

blade surfaces. Therefore the effect of the thermophoresis is  

less a t  the tra ilin g  edge.

The flow velocity has no considerable effect on the deposition 

process on the heated or unheated blade as shown in the experimental resu lts 

since the variation in the available velocity is  re la tive ly  small and any 

effect cannot be seen c learly  (as shown in Figures 4.19 and 4.20).

4.7.2 Discussion of the results for an incidence angle of - 15°

(a ) Discussion

The cascade was arranged to run at off-design conditions (- 15° 

in le t angle). The d istribution  of deposition rate along the blade was
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measured for this arrangement and compared the results with the results 

obtained by Davies (4). The deposition patterns for zero and - 15° 

incidence angles are almost identical, but the value of deposition rate 

is  d ifferent in magnitude, since the flow conditions and the heat transfer 

rates are d ifferent in both cases. The values of the residual deposition

on the nose and the tra ilin g  edge of the blade are maximum, the reasons 

are the same as those discussed in the previous section (4.7.1), but the 

local magnitude of the deposition rates are different. Figures 4.21 - 4.23 

show the net deposition d istribution  (d iffusion  + thermophoresis) along 

the blade surfaces for particles having a mass-median diameter of 0.186 pm 

and for in le t  ve locities of 13.0, 11.2 and 9.5 m/s.

(b) Comparison between the present results and those of Davies

To permit a valid  comparison i t  was necessary to make the flow and 

thermal conditions identical with those of Davies for the same partic le  

size. Therefore the temperature d istribution  along the blade surface 

was adjusted to keep i t  the same as in the previous work. I t  can be 

observed from Figs. 4.21 - 4.23 that the deposition rate was s ign if ic an tly  

higher everywhere on the blade surface by about five  times (as average) 

compared with those obtained in Ref. (4), the reasons for th is are probably,

1. The concentration d istribution  of the particles (of this work) 

in the potential flow is  higher than that of Davies'.

2. The polydispersion in sizes of the partic les which have a mass- 

median diameter of 0.186 pm was d ifferent from that of the previous 

work as shown in Table 4.1. The number of very small partic les is  

higher in the present work, i t  means higher d iffu sion  and lower 

thermophoretic force. However the pattern of the deposition 

distributions are generally sim ilar.
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4.7.3 Discussion of the reduction in partic le  deposition due to

thermophoresis for zero and - 15° incidence angle

Figures 4.24 - 4.26 show the percentage reduction in particle  

deposition due to heating for an incidence angle of zero. Figures 4.27 

to 4.29 show the same for an incidence angle of - 15°.

For a zero incidence angle the reduction was in the range of 

60 - 95% for a ll flow conditions and d ifferent droplet size. For the 

same droplet size and different flow conditions, the reduction for low 

velocity is  higher than that in high velocity, (F igs. 4.25 and 4.26).

For the same flow conditions and d ifferent droplet size, i t  can be seen 

that there is  a s ign if ican t difference in the reduction of the deposition 

rate (Figs. 4.24 and 4.25). The maximum reduction in the deposition of 

the partic le  occurred between x/c = 0.35 and x/c = 0.75 along the concave 

and along the convex surface. i

For - 15° incidence angle the reduction in the deposition of the 

particles (0.186 pm) is  shown in Figs. 4.27 - 4.29 for in le t ve locities  

13.0, 11.2 and 9.5 m/s respectively. When the flow in le t velocity  

decreases the reduction increases (F igs. 4.27 - 4.29). The reduction for 

the three in le t ve locities was in the range of 60 - 97%.

The agreement between the present results and Davies' resu lts 

is  s ign if ican t and the scatter in the results is  low (the maximum difference 

is  about 40%). The results along the concave surface have better 

agreement with Davies' results than those along the convex surface.

In general the reduction in the deposition of the partic le  on 

the blade surfaces when the incidence angle is  zero is  higher than that 

when the incidence angle is  - 15°. The reasons are:
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1. The development of the boundary layer is  different.

2. The heat transfer and the temperature profile  are different.

3. Aerodynamic losses in the flow with zero incidence angle are 

less than those in the flow with - 15° incidence angle.

4. The turbulence levels are different.

I t  can be concluded that for the geometry and conditions used here 

the thermophoresis is more effective in reducing the deposition rate when 

the steam turbine is  running at fu ll load than when i t  is  running at 

partial load. The results displayed here cannot be safely applied to 

other blade geometries and flow conditions where the extent of the zones 

of stagnation laminar boundary layers and turbulent boundary layers may 

d iffer.

4.8 Thermal Conductivity of the Uranin Partic le

To apply successfully the analysis of the theoretical study of 

the effect of thermophoresis on the deposition of the so lid  partic les on 

the blade surfaces, a value for the thermal conductivity of the uranin was 

required. According to the author s knowledge, th is value is  not 

available in the published literature  or from conventional sources,

Refs. (109 - 112). However, recently Al-Azzawi and Owen (108) have 

published the value of the thermal conductivity of the uranin (K ). The 

aim of th is section therefore is  twofold: f i r s t ly ,  to provide a value for 

the thermal conductivity of uranin, which may be of general interest and 

not only to those researching in the fie ld  of aerosol physics; and 

secondly, to present a simple and convenient experimental method for 

determining the thermal conductivity of such materials.
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4.8.1 Experimental apparatus and procedure

The thermal conductivity of a material is  essentia lly  a function 

of its  substance, temperature, and internal geometric structure, but is  

independent of the external geometric shape (i.e . sphere, cube, etc.). 

Therefore, by arranging that the test specimen has the same internal 

structure as the uranin particle of interest, the thermal conductivity 

becomes a function of temperature only. The uranin particles used in 

the aerosol simulation experiments are produced by atomising a water/ 

uranin solution. After the water evaporates in the a ir  stream a small 

uranin particle remains, the internal structure of the partic le, particu larly  

the void fraction, w ill be a function of it s  drying rate. The uranin 

test pieces which were used to measure the thermal conductivity were 

produced from a strong water/uranin solution which was allowed to dry 

out at room temperature, i.e. at the same temperature as the aerosol 

partic le, to produce a sim ilar internal structure.

The experimental apparatus used is  shown in Fig. 4.30. With 

this arrangement two uranin samples could be simultaneously investigated.

Each sample was located on the opposite surface of the slab of good 

insulating material. Mounted on each side of the insulating material was 

a copper coated laminated sheet with dimensions 140 mm x 140 mm. Some of 

the copper film  was peeled o ff the outer surface of each sheet to leave a 

central area, 60 mm x 60 mm, as a heating element. Five thermocouples 

were mounted on the heating surface to measure the surface temperature of 

the uranin sample. Two wires were connected to the ends of each heating 

element to enable the voltage across i t  to be measured. The two heating 

elements were connected in series by heavy copper wires to enable a 

re la tive ly  large current to be drawn from the power supply. A wooden 

frame with internal dimensions, 60 mm x 60 mm was placed over each heating
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element. The uranin test pieces were then individually cast into these 

frames to produce solid  blocks, one being 6.4 mm thick and the other 7.15 mm 

These were designated block 1 and block 2 respectively. Five thermocouples 

were then attached to the outer surfaces of the test pieces.

The above arrangement permitted two uranin blocks of d ifferent 

thickness to be exposed to one-dimensional steady-state conduction. The 

electrical current through the copper heating elements was measured 

together with the potential differences across each to yie ld  the power 

supplied to each block. The experimental procedure was as follows:

( i)  Starting with a low current and low voltage, the copper film s were 

heated. A ir was continuously blown over the outer surfaces of the 

test blocks to a s s is t  the heat transfer and to increase the measured 

temperature difference between the inner and outer surfaces.

Steady state conditions were maintained for 30 minutes, during the 

following 120 minutes the electrical inputs and surface temperatures 

were measured and recorded three times. These values were averaged

( i i )  The e lectrical load was increased and ( i)  repeated to produce a 

total of ten sets of data. The maximum current drawn was 136 A.

( i i i )  The maximum temperature to which the blocks could be heated was 

lim ited by the tendency of the material to soften at temperatures 

above about 70°C.

4.8.2 Results and discussion

Assuming that the e lectrical energy supplied to the heating elements 

is  conducted through the uranin test blocks as heat rate, Q, then

Q = I V
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where I and V are the measured current and potential difference for each 

heating element.

Fouriers equation for one-dimensional steady-state conduction 

reduces to:

Q = - K Ay p Ax

where Kp = thermal conductivity of the uranin

A = cross-sectional area normal to heat flux  

AT/AX = temperature gradient through test block.

Since A and AX are geometric constants the thermal conductivity w ill be 

a function of the ratio  Q/AT. A linear relationship indicates a constant 

value of Kp w hilst a curvilinear relationship indicates that Kp is  

temperature dependent. The variation of the heat rate through the two 

main uranin blocks as a function of the temperature difference measured 

across them, is  shown in Fig. 4.31. The derived values for the thermal 

conductivity as a function of the mean bulk temperature in the blocks T, 

is  shown in Fig. 4.32. These values were calculated using the slope 

measured between consecutive points in Fig. 4.31.

Figures 4.31 and 4.32 c learly  show that the thermal conductivity 

of the uranin has a constant value up to an average test block temperature 

of about 55°C after which i t  is  seen to decrease. At the higher average 

temperatures the heated surface temperature was as much as 90°C and the test  

blocks were beginning to soften. The apparent temperature dependency of 

the thermal conductivity at higher temperature is  therefore more lik e ly  to 

be the resu lt of a change in the structure of the material. For the 

temperature range in which the uranin can be sensibly used as a solid  

material, the thermal conductivity has a constant value of about 0.43 W/mK.
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The errors involved in the experiment were estimated to be in 

the order of 2%. These were mainly due to voltage fluctuations from 

the thermocouples and a s lig h t  variation in the thickness of the test 

blocks after so lid ifica tion . The scatter in the results of Fig. 4.32 

reflect th is error. A least squares regression analysis in the linear 

portion of Fig. 4.31 would give a single value for the corresponding section 

of Fig. 4.32. The individual data points and their scatter were retained and 

plotted in Fig. 4.32, however, as a demonstration of the experimental consistency

4.8.3 Conclusions

To complement a long term research programme involving experimental 

and theoretical aerosol techniques, i t  has been necessary to find the 

thermal conductivity of uranin (fluorecein sodium). Two so lid  uranin 

test blocks were manufactured by allowing a strong water/uranin solution  

to dry out and so lid ify . The blocks were exposed to one-dimensional 

steady-state conduction by heating one surface using e le ctr ica lly  heated 

copper elements. The experimental method was found to be very satisfactory  

and produced a constant value for the thermal conductivity of uranin of

0.43 W/mK.
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THEORETICAL ANALYSIS OF THE BLADE PASSAGE FLOW

5.1 Introduction

In th is Chapter, the passage geometry of the steam turbine fixed 

blade is  analysed and compared with that in the actual turbine.

Section 5.3 is  concerned with the electrical fie ld  analogy technique and 

how i t  was employed to locate the flow properties along the blade surfaces. 

The points on the blade surfaces were projected on the blade chord.

The terminal conditions are studied in section 5.4 and they were 

provided by the G.E.C. for an existing 500 MW turbine. The Gyarmathy method

(114) for predicting the properties of the steam before or after the 

condensation shock was employed, since the nucleation was assumed to have 

occurred shortly before the entry of the blade passage.

The degree of re lie f of the supersaturation was predicted for the 

existing range of the droplets (0.01 - 1.0 ym) by using the Ryley method

(115) with modifications for th is work, and the thermodynamic losses as a 

function of the droplet size are studied in detail in section 5.5.

The remaining part of the Chapter involves the analysis of the 

boundary layer and flow acceleration along the concave and convex surfaces. 

Head's entrainment method was successfully employed to predict the 

characteristics of the turbulent boundary layer. The same method has been 

used by many steam turbine designers. In section 5.6.8, the laminarisation  

phenomenon, and it s  effect on the transfer of the mass and the developing 

of the turbulent boundary layer, was studied and analysed in deta il.

The la s t  section of this Chapter contains the discussion of the 

results and analyses the correlation between the boundary layer parameters, 

the droplet geometry and the acceleration parameter.

C H A P T E R  5
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5.2 Nozzle Geometry

The passage between the two turbine blades forms a convergent- 

divergent nozzle. The dimension and the passage shape (Fig. 5.1) used 

in th is work were adopted for several reasons:

1. They are sim ilar to the mid-radius section of the final stage 

fixed blade found in the fu ll scale turbine.

2. The reaction is  assumed to be equal to 50%.

3. Steam and a ir  tests have already been made using th is blade shape 

in connection with other research projects, Refs. (15, 7, 3, 4).

El-Shobokshy (37) and Davies (4) used a convergent-parallel 

nozzle as a passage between consecutive blades. Therefore, Mach number 

could not exceed 1.0. In the present work a modification was made to 

obtain a convergent-divergent nozzle, in order to allow the flow to expand 

and become supersonic, as in the existing modern turbine,Fig. 5.2 

shows the d istribution  of the cross-sectional area of the passage. The 

area in respect to the concave surface is maximum at x/c = 0.3, then 

decreases up to x/c = 0.9. At 0.9 < x/c < 1.0 the passage cross- 

sectional area increases to form the divergent section. Beyond x/c = 1.0 

the flow is  bounded only by the convex surface as the preceding blade end.

5.3 E lectrical Analogy Field Plot

This method consists of establishing in a uniformly conductive 

sheet a fie ld  of e lectrical potential and current flow that is  an analogue 

representation of the actual gas flow fie ld  to be investigated. By 

plotting equipotentials of the conduction fie ld , or by measuring the 

potentials at selected points, information is  obtained and converted, by 

known scaling factors, to the required parameters of the actual fie ld .



117.

The output of the application of the conductive sheet analogue is  

determined by the nature of the analogue representation. The current 

and potential d istributions in a uniformly conductive sheet between 

prescribed potential boundaries are essential of a two-dimensional 

Laplacian form. The two-dimensional flow can be forced into one-dimensional 

flow, in order to define the flow belocity (U J  as a polynomial of x.

The procedure of using a teledeltos paper technique consists of:

1. The shape of the cascade (two blades) was drawn on the conducting 

paper. The scale used in the present work was 1 : 1 .

2. The blade shapes were painted using a conducting s ilve r  paint, 

this ensured that the surfaces are equipotential on each blade 

profile  (Fig. 5.3a).

3. A midpotential stream line  was taken as the locus of centres of 

successive c irc les drawn tangentially to each boundary of the 

blades. I t  was painted in order to be used as a second boundary 

condition with either the concave or the convex side (Fig. 5.3b).

4. The conducting paper was cut along a stra ight line  perpendicular 

to the mid-stream line for some distance upstream and downstream 

of the cascade. The in le t and exit angles are known. The other 

side of the paper were cut parallel to the mid-stream line . The 

edges so produced were painted using the conducting paint to form 

two outer streamlines as shown in Fig. 5.3c.

5. A relative potential difference was applied equal to 100 units 

between the two outer streamlines.

6. The mid-stream line was located using a probe at a potential equal

to 50 units, this was compared with the guessed mid-stream line . I f
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the difference was found to be s ign ifican t the boundary conditions 

should be changed, and the procedure should be repeated until the 

difference was not considerable and could be neglected. The other 

streamlines were located by adjusting the galvanometer, (Fig. 5.3d).

7. The velocity potential lines were located by:

(a) cutting the shape of the cascade out of a new conducting paper 

by making two holes to represent the two blades, Fig. 5.3e;

(b) repeating point (4) without painting;

(c) painting two lines perpendicular to the flow at a distance 

upstream and downstream of the cascade, Fig. 5.3f;

(d) applying a relative potential difference equal to 100 units 

between the two painted lines;

(e) adjusting the galvanometer to read between zero and 100 units 

to locate a velocity potential line for each reading,

Fig. 5.3g.

8. The two plots (streamlines and velocity potential lines) were 

superimposed to produce the final plot, Fig. 5.3h.

5.4 The Terminal Conditions

The f i r s t  nucleation within the flow passage w ill occur at a 

location which may be approximately found by the method proposed by 

Gyarmathy (14). I f  the continued expansion is  very rapid, the supercooling 

will be greater and dependent on the balance between the expansion rate and 

the heat and mass transfer around the fog droplets. Furthermore, i f  the 

expansion rate is  large enough for the degree of the supercooling to reach 

a level where spontaneous nucleation sets in again, a second generation of
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fog droplets w ill be produced. I t  may be followed by a third nucleation. 

There is  no standard position within a stage where nucleation occurs and 

therefore a feasible set of assumptions have been chosen for this work to 

avoid further complicating an already complex problem.

I t  has been assumed that:

1. The f i r s t  nucleation occurred shortly before the blade entry, so 

that the entering steam is  an equilibrium mixture of saturated 

vapour and grown droplets.

2. The pressure and the velocity at the in le t of the blades passage 

were taken from the real turbine conditions (G.E.C.) and equal 

to 0.233 bar absolute and 80.0 m/s respectively.

3. The wetness fraction is  equal to 3%. this is  reasonable for the 

f i r s t  nucleation.

4. The entrained droplets are monodispersed in size with a diameter 

in the range 0.01 - 1.0 ym (Refs. 58, 113).

5. No second nucleation occurs during the flow through the nozzle.

6. There is  no s l ip  between the droplets and the vapour, since they 

are very fine and can follow the stream lines.

5.4.1 Condensation shock calculations

The supersaturated steam is  rapidly expanded in the L.P. turbine. 

The temperature f a l ls  and therefore at a certain temperature (subcooling 

temperature ^ 40°C) the unstable flow tends to seek equilibrium. The 

phenomenon which allows the steam to find equilibrium is  called a 

condensation shock. The thermodynamic properties are changed after the 

shock such as an increase in pressure and decrease in enthalpy. In the
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present work, Gyarmathy's method for calculating the conditions of the 

steam before and after the shock was adopted (114).

The steam flow is  such that perfect supersaturation prevails 

before the shock and perfect thermodynamic equilibrium exists after it .  

The method is  to solve the continuity, momentum and energy equations 

simultaneously.

( i ) The continuity equation:

U°°2 _ ,¥ %  

ÏÏ~1 " 2 V P i
(5.1)

( i i )  The momentum equation:
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( i i i  ) The energy equation:
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Therefore, there are only three unknowns: either the in le t conditions p-|,

, h-j or the conditions after the shock p^, and hg. The variation

in the pressure, temperature, velocity and enthalpy due to the condensation 

shock were found to be very small and could be neglected. The pressure
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was changed by 0.02%, the velocity by 0.12% and the enthalpy by 0.015%.

5.5 Treatment of Metastability

Nucleation takes place when the expansion line crosses the Wilson 

line, this was assumed to occur at the entry to the nozzle. The droplet 

size produced was in a range of 0.01 - 1.0 ym. The expansion rate is  

the parameter which can specify the droplet size. The higher the

expansion rate, the smaller the droplet size. At the nucleation point 

thermodynamic equilibrium is  rapidly re-established by the mutual 

adjustment of the temperature of the droplet and the steam. The flow 

w ill then expand inside the nozzle where the steam temperature w ill drop 

below the saturation temperature, the flow then changes to supersaturated 

flow. The equations and the formulae applied to the supersaturated 

steam are the same as for the superheated flow except the values of the 

isentropic exponent (y) have a different range. The governing 

equations are:

( i)  Equation of sta te :

p v Y = const. in which y = 1.31 when y = 0.03 kg^/kgs

( i i ) The enthalpy change:

h = ys hf + (l - y s ) hg - Cp AT$ (5.5)

where AT$ = the subcooling temperature

y = wetness fraction of the supersaturated flow 
s

hf , hg = the enthalpy of saturated liqu id  and vapour.
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I t  was recognised, however, that condensation would continue to 

occur on the existing dispersed droplets within the core flow giving  

partial or fu ll re lie f to the r is in g  supersaturation. The process for 

relieving of supersaturation is  thus seen to be a complex combination of 

the frequency of production of nuclei and of heat and mass transfer around 

them. The method, which is  described in Ref. (115), was modified and 

used in the present work. In the absence of foreign matter, there is  

only one surface for heat and mass transfer and i t  is  the droplets 

surface. The area of this surface depends on the size and the number of 

the droplets. For the same wetness fraction, the smallest size of 

droplets have the greater aggregate surface area for exchanging the heat 

and the mass between the two phases.

For steam which is  in it ia l ly  wet as in the present work, i t  is  to 

be expected that expansion w ill s t i l l  promote supersaturation within the 

dry saturated content, but that the presence of the liqu id  w ill provide 

internal surface upon which condensation and re lie f of supersaturation may 

proceed. The rate of relieving the supersaturation depends on the 

dimensions of available internal area and the degree of disequilibrium. 

Therefore the s ta b ility  of the expanded steam can be calculated by 

employing a step-by-step method through the nozzle.

The step length, Ax, was selected as a variable along the nozzle.

Ax was allowed to decrease through the nozzle and at the region near the 

throat, could be reduced to a ha lf of the in it ia l value. This change in the 

step length was done in order to match the rapid change in the flow 

parameters a t and near the throat. The formulae which control the 

step length could be written as:

Ax = x(j + 1) - x (j) (5.6)
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Ng - j
x(j + 1) = x(j) + xgp Gp (5.7)

x
gp

1 + Gp
Rg

1 + Gp
(5.8)

where Mg = Ng - 1

x. = a value of the in le t x

x = a value of the exit x e

Gp > 1.0 in the present work Gp is  taken to be equal to 1.02 

Ng = number of steps

Gp and Ng are the control parameters by which the step length can be 

specified.

The rate of droplet growth equation which is  used in this work 

was derived by Young (116) and can be written as:

dr 2 f W  Kn p 1 1 1  . . . .

^ " T / w  Pf u (i + 2 .7  k„> '  ^ r i  r r  J (5 ' 9)t oo ' gm s

where = 1000.0 kg/m^

R = 461.5 J/kg K

0^ = the average velocity at the centre of the step length Ax in m/s 

p = the average pressure at the centre of the step length Ax in bar 

Tgm = the modified vapour temperature in °K 

Ts = saturation temperature appropriate to p in °K.



124.

Equation (5.9) can be rewritten in the form:

dr = 4.952 Kn p f J ____J _  j

^  '  U„ (1 + 2.7 Kn) 1 / I -  J
(5.10)

and the new droplet size r (j  + 1) = r ( j)  + (dr/dx) Ax, the total 

precipitated mass can be calculated from

m = (4/3)tt pf (r (j  + l ) ) 3 - ( r ( j ) ) 3 }  Np (5.11)

where Np = the specific  number of the droplets.

P ^  tt pf  ( r ( l ))

The ratio  of the actual condensed mass (m) to the maximum condensed mass 

when the flow is  fu lly  reverted to equilibrium (M) is  defined as

ip = m/M

Therefore,

/t r i (5-12)
Tac ° Tgm + 'J (Ts V

where T and r ( j  + 1) are the actual temperature and droplet size after

partial or fu ll re lie f  o f supersaturation. Figure 5.4 shows the temperature

d istribu tion  of the wet steam for d ifferent droplet sizes. The flow is

supersaturated when the droplet size is  greater than 1.0 pm. The wetness

fraction d istribu tion  behave the same as the temperature d istribu tion  for

O certain droplet size as shown in Fig. 5.5. The supersaturation losses

r ThQ ln ^ p s  are seen to increase with theare presented in Fig. 5.6. The losses are

Increasing of the size of the entrained droplet.
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There is  a large drop in the temperature of the vapour at 

x/c >0.9,  and a small reduction in the saturation temperature. Therefore, 

there is  a rapid increase in the subcooling temperature at x/c > 0.9 and 

hence a sudden increase in the supersaturation losses at the same x/c.

The losses are maximum when the droplet size is  1.0 ym and zero when its  

size is  less than 0.01 ym.

5.6 Boundary Layer Velocity Calculation

The boundary layer parameters have a great effect on the movement 

and growth or diminishing of the fog droplets inside the boundary layer. 

Therefore, a good prediction of the boundary layer characteristics gives 

a more accurate analysis of the droplets behaviour.

There are many practical methods for solving the boundary layer 

equations. A method was selected which was able to:

( i)  match the nature of the flow without further complicating the 

analysis;

( i i )  be su ffic ie n tly  accurate;

( i i i )  produce acceptable results quickly.

The flow along the blade surface was divided into four regions:

(1) Stagnation flow, along the blade nose only.

(2) Laminar flow:

(a) with zero pressure gradient; along the concave surface for 

a short distance from the end of stagnation flow.

(b) With pressure gradient; along the convex surface for a very 

short distance from the end of stagnation flow.
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(3) Transition flow; treated as a point and not as a region.

(4) Turbulent flow:

(a) with zero pressure gradient; along the concave surface 

starting from the transition point and ending at the entrance 

to the blades passage.

(b) with pressure gradient; along both surfaces for flow inside 

the passage.

The boundary layer calculations were done on the basis of the 

following assumptions:

(1) The flow is  dry, i.e. single phase, since the droplets are very 

fine and have no effect on the developing of the boundary layer.

(2) The blade surfaces are smooth.

(3) The flow along the surface is  adiabatic.

(4) The blade surfaces are f la t ,  since the thickness of the boundary

layer is  very small compared with the blade curvature, i.e .

6 < < blade radius.

(5) The flow is  incompressible, but modification was undertaken for 

C e and 61 when the Mach number (M) was greater than 0.3.

(6) The flow is  homogeneous, since the water droplets are very fine. 

They cannot maintain, for very long, a s ign ifican t relative speed 

in relation to the steam, the developed drag force quickly cancels 

this s lip .  They therefore obey the general movement of the flow

of the steam.
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5.6.1 Calculation of free stream velocity

The flow inside the nozzle is  supersaturated. From the previous 

section the degree of supersaturation is  a function of droplet size, and 

hence there are many possible flow regimes, starting from fu ll super­

saturation and fin ish ing with equilibrium. The equilibrium flow as a 

result of fu ll reversion contains very fine droplets with a range of sizes less 

than 0.1 ym. Therefore, the treatment of a ll flow regimes can be the 

same by using the ideal equation of state and the gas dynamic equations 

for a shock-free monophase nozzle flow to find the flow parameters.

0 )

(2)

(3)

(4)

Continuity equation: m = pÛ A

Equation of perfect gas: p = pRT

Poisson relation for temperature,

Y - 1

T(j + 1) = T(j) p ( y j i
P(j)

1 Y

pressure and density:

p(j + 1) = p(j) p(yj i
P(J)

]_
Y

Energy equation: TQ = T +

(5.13)

(5.14)

(5.15)

Figure 5.7 shows the velocity d istribution  along the core of the 

passage. It  is rapidly increasing towards the throat and very slowly 

increasing after the throat (located at x/c = 0.92 along the concave 

surface).

5.6.2 Boundary layer characteristics

The main parameters of the boundary layer, which are used in the 

following sections for theoretical analysis, can be stated as follows:
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0 )  The overall boundary layer thickness 8 can be obtained when

ip ik  0-995.
00

(2 ) Displacement thickness 6̂  is  defined by

J1 (1 - j - )  dy (5.15)

(3) Momentum thickness 6 which measures the flux of momentum defect 

within the boundary layer as compared with the inviscid  flow, 

and may be defined by

0 = U /1
i r  (1 u. -) dy (5.16)

(4) Mass flow thickness A = 6 - 6-| is  defined by 

6

A = U dy (5.17)

(5) Shape factor H is  defined by H =

(6) Shape parameter H-| may be defined by H-| = A

(7) Skin fr ic tio n  coefficient is  defined by

w
(5.18)

(8) Entrainment coefficient is  defined by

6
i

E ~ IT  cTxCr = r i -  ttt 1 u dy

o
(5.19)
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(9) Shear velocity u* is  given by

(5.20)

5.6.3 Flow analysis around the blade nose

The nose of the blade is  considered as a cylinder with radius 

equal to 10.6 mm. The potential flow theory was applied on the flow 

past the nose of the blade in order to calculate the velocity d istribution. 

The ideal velocity at any point around the cylinder in non-viscous, 

icrotational flow with radius R was calculated by:

where $ = the angle measured from the stagnation point 

a = R

U = maximum velocity = 80.0 m/s 
max

The stagnation point was estimated to be the intersection point 

of the centre line of the blade with the nose surface. For zero incidence 

angle, the concave surface forms 25% of the perimeter of the nose as does 

the convex surface. B lasius' exact solution (84) was adopted to calculate  

the boundary layer characteristics of a stagnated flow. The method defines 

the displacement and momentum thickness, shear stress and shape factor 

as follows:

(5.21)

( 1 ) displacement thickness

momentum thickness

wU„ /
V

dll /dx
00

V
wall shear stress
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(4) H = -J- = 2.21 shape factor.
0

The method was applied from the stagnation point up to 25% of 

the perimeter of the nose along the concave and convex surfaces 

(x/c = 0.032).

5.6.4 Boundary layer equations of laminar flow

The laminar flow was assumed to be incompressible and 

two-dimensional steady flow over a f la t  plate. The main governing 

equations are those of continuity and momentum, which can be written 

as follows:

(1) Continuity equation

(5.22)

(5.23)

(5.24)

The boundary conditions are

a. u = v = 0.0 at y = 0.0

b. u = U at y > 6oo J

82u 32u

3x2 "9y2

¿H. + *1 = o
3x + 3y U

(2) Momentum equation in x-direction

3u 3u 
u 3x + v 3y - 1 | P  + vp 3x

- 2  2 ■ 3^u A 3^u
— 2 + — j

- 3x  ̂ 3y^ •

(3) Momentum equation in y-direction

3v 3v 1 3P . „ 
U 37 + V 3ÿ = - p 37 + V

- 2  23 v  ̂ 3 v

- 3x^ 3y^

c.
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d. The pressure in a direction normal to the boundary layer can be 

taken equal to that outside the boundary layer, i .e. ^  = 0.0.

e. v «  u

Now equations (5.23) and (5.24) can be sim plified and rewritten

in the form:

U 7TT7 + v tt-73u
3x

3u - _ 1  ÌR  +
" P 8x 3 /

(5.25)

Equations (5.22) and (5.25) can be considered to be the appropriate 

boundary layer equations without affecting the accuracy of the results.

I t  is  not practicable to solve equations (5.22) and (5.25) in these forms. 

Hence, Von Karman integrated them between y = 0.0 and y = °° for 

constant x, and gave a more convenient expression which is  known as the 

Momentum Integral Equation,

5.6.5 Laminar boundary layer analysis

There are many practical methods for solving the momentum integral 

equation. Pohlhausen's method and Thwaites' method were employed for 

zero and non- zero pressure gradient. The deta ils of the two methods 

can be found in Appendix 5A. On the concave surface, the flow is  

stagnated in the range 0.0 < x/c < 0.032 and then laminar with constant 

free stream velocity until x/c = 0.136. On the convex surface the 

stagnated flow is  followed by laminar flow with variable free stream 

velocity (favourable pressure gradient) in the range 0.032 < x/c < 0.1.

(5.26)
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5.6.6 Prediction of the transition point

The starting point of transition was assumed to be the point 

of starting the turbulent flow, since the flow is  very complicated inside 

the transition region. Recently Abu-Ghannam and Shaw (117) have 

investigated experimentally the nature of the transition under different 

conditions. They have formulated their model to predict the points of 

transition, and i t  showed good agreement with their experimental resu lts. 

Their empirical formula gives the values of Re0 at the starting and 

fin ish ing points of the transition for zero and non-zero pressure gradient.

(1) Zero pressure gradient

Re0$ = 163.0 + exp (6.91 - t ) (5.27)

Re0e = 2.667 ReQs (5.28)

(2) Non-zero pressure gradient

f F(re} 1ReQs = 163.0 + exp | F(T0) - t  j  (5.29)

where F(T0) = 6.91 + 2.48 T0 - 12.27 (T0)2 

a dUr _ 0 0°
10 v dx

The location of the transition point is  a function of the values 

of the turbulence level and Reynolds number based on the momentum 

thickness. Parker and Lee (7) conducted a series of experiments using 

a blade cascade almost identical to that used in the present work.

They measured the turbulence intensity at the cascade entry and found i t  

to be 2.2%.

In this work the flow in le t velocity is  about five times that 

used by Parker and Lee and relaminarisation may occur, since highly



accelerated flow was used. Therefore, i t  is  reasonable to assume the 

turbulence level, t , to be in the range 2.0 - 2.5%.
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I t  was found that:

(1) On the concave surface, equation (5.27) was used to determine 

the starting point of the turbulence, since the upstream flow 

has zero pressure gradient until x/c = 0.3. The position of the 

transition  point was at x/c = 0.136.

(2) On the convex surface, equation (5.29) was adopted to predict 

the location of the transition point, since the flow has negative 

pressure gradient. The position at which the turbulent flow 

started was predicted at x/c = 0.11.

5.6.7 Turbulent boundary layer analysis

The nature of the flow inside the blade passage is  turbulent except 

on the convex surface at x/c < 0.11 where the flow is  laminar. The 

starting point of the turbulent flow along both surfaces are given in the 

previous section.

I t  is  s t i l l  d if f ic u lt  to find an analytical solution of the 

Navier-Stokes equations for turbulent flow. The equations of the boundary 

layer were sim plified in section 5.6.4 for laminar flow, and were adapted 

for turbulent flow with using the flow ve locities u, v as the average 

velocity in x and y directions. I t  was s t i l l  found to be impossible to 

obtain an analytical solution to the problem. The existing solutions are 

based on experimental and analytical formulae. One of the most convenient 

methods employed is  Head's entrainment method, (118), although other 

methods have been tried, such as that due to Curie and Davies (119), which
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gave inadequate results for the purpose of the present work. The Head 

entrainment method was used by steam turbine designers, (1 2 0 ), therefore, 

i t  appeared to be the best choice for th is research. The method predicts 

the turbulent boundary layer parameters by a simultaneous forward 

integration of the two main equations:

(1) Von Karman momentum integral equation which can be written as:

de
37

C- a dU

T -  < H +  2 > f - a i ­
ts .30)

(2) Head entrainment equation may be written as:

dA r A dU°°
37 = CE ~ IT  "37"

00

(5.31)

where A = H-j 0.

The entrainment equation can be rewritten in a form:

dH, r Cf  e dll^ ^

0 I F  = CE '  H1 { T  " (H + 1} 1 (5.32)

Appendix 5B shows the details of the method.

The two main equations, (5.30) and (5.32) with auxiliary equations 

were solved numerically by using the Runge-Kutta method. The numerical 

method needs the in it ia l values of 0 , H-j and the free stream velocity  

distribution along the x-axis. The computer program for solving the 

differential equations of the Head method is  presented in Appendix 7D as 

part of the main program.

The boundary sublayer is  defined by setting the value of y+

equal to 7.8.
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v

*sub = 7 -8 TJ7
(5.33)

5.6.8 Laminarisation

When the acceleration of the flow is  severe enough, the o rig in a lly  

turbulent layer undergoes a reversion towards laminar. This phenomenon 

has been given different names such as "lam inarisation", "reverse 

transition", "inverse transition" and "relam inarisation". The f i r s t  

name is  used in the present work. The location point of laminarisation  

has been found experimentally by many investigators, (121 - 124). The 

predicted value of that point in Ref. (121) was in a good agreement with 

the experimental one, and i t  was in the range when L ^ 3.0 ^ 4.0 x 10
dUco

Laminarisation can be achieved as long as L > Lc r , where L = — 2" “H3T*

the acceleration parameter. This parameter has been derived from the 

Momentum Integral Equation, as shown in Appendix 5C. The momentum 

equation in the form of Re0 can be written as:

dRef

dx
4 U~
O v

0.016
0 5

3.55 Re
- Re0

. dU -iV oo

0 ^~2 dx _
00

dRe0
The c r it ic a l value of ReQ can be obtained by setting 

equation (5.34) gives

(5.34)

0 .0 , and

4.507 x 10 3 
-cr = -----------1
C (Refi)

cr

In section 5.6.6, the value of (Re0) ^ 280.0 when the turbulence level
cr

was assumed to be ^ 2.0%. Therefore, the c r it ic a l value of the acceleration'X»

parameter is  equal to 3.9 x 10~8 and thus the value of L can define the
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nature of the flow. For L > Lc r , equation (5.34) gives T n r < 0 o r
d0

< 0 ; this means that there is  a reduction in Re  ̂ and 0 values with

increasing x when the flow represents laminarisation. Back, Cuffel and

Massier (1 2 2 ) have found that the local mass flux can exceed the free

stream value, and for this situation the boundary layer displacement is

not outward from the wall, but inward in the accelerated flow, i.e. 

dfi1
~g -̂ < 0. When laminarisation occurs (L > Lc r ), the equations of laminar

flow can be employed to define the boundary layer as long as L > L .

For L < L the flow reverts to its  turbulent nature and there is  no
cr

sign ifican t reduction in the turbulence level.

dU
In th is work based on the concave surface was found to be in

the range of about 100 - 200 at x/c = 0.33, then steeply increased to about

8,000 at x/c = 0.93, then suddenly decreased to about 3,000 at x/c = 0.935

and f in a lly  i t  decreased gradually to about 50 at x/c = 1.0. The values
dU

°f based on the convex surface were started from about 300 at

x/c = 0 .1 1 , then increased to a maximum value about 10 ,000  at x/c = 0.52,
dUco

and then decreased suddenly to about 3,000 at x/c = 0.53, then decreased 

gradually until the exit of the passage to the value of about 50 at 

x/c = 0.6. The values of (L) were calculated along x/c for concave and 

convex surfaces are presented in Fig. 5.8.

I t  was observed that:

(1) There are three forward transitions and two reverse transitions 

along both surfaces.

(a) Forward transition; along the concave surface at

x/c = 0.33, 0.7 and 0.94 and along the convex surface 

at x/c = 0.1 , 0.42 and 0.53.
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(b) Reverse transition; along the concave surface at 

x/c = 0.35 and 0.91 and along the convex surface at 

x/c = 0.11 and 0.46.

(2) The flow acceleration along the convex surface is  higher than 

that along the concave. Therefore, about 75% of the turbulent 

flow along the convex surface is  laminarised, and about 50% of 

the turbulent flow along the concave surface is  laminarised.

dUoo
(3) The variation of and -g^  as the main parameters of L can be 

compensated, since the increase in was gradual, w hilst the

dUoo
change in -g^  values were rapid. Hence, the forward transition  

is  sometimes close to the inverse transition as shown in Fig. 5.8.

I t  may be noticed from this section that the prediction of the 

boundary layer characteristics of the fu ll or partial laminarised flow 

can be found by employing one of the laminar flow methods. However, 

there is  much evidence from some investigators, listed  below, who have 

shown that the prediction of high accelerated flow can be done accurately 

by using a method of predicting a turbulent boundary layer rather than a 

laminar method.

(1) Donald et al (121) have found a good agreement between their 

experimental data of the temperature and velocity profile s inside  

an accelerated flow boundary layer, with the predicted results 

using a l / 7 th power law.

(2) Cebeci et al (125) have shown that the numerical solution of the 

turbulent boundary layer on a f la t  plate can give satisfactory  

results for a highly accelerated flow with or without heat transfer.
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(3) Back, Massier and Cuffel (123) have shown that the measured 

velocity d istribution in accelerated flow agrees well with the 

law of the wall relation.

(4) Back, Cuffel and Massier (122) have observed the values of the 

shape factor H = 6^/0 and = <$3/0  for the accelerated flow 

are in fa ir  agreement with the predicted results from solving 

the integral form of the momentum and energy equations for a 

turbulent boundary layer.

(5) Jones and Launder (124) have concluded that turbulence model

may be applied to the prediction of a strongly accelerated boundary 

layer flow. This model has been shown to be remarkably 

successful in predicting the hydrodynamic and thermal consequences 

of the acceleration.

5.6.9 Discussion of the results

The nature of the flow inside the blade passage can be seen from 

the previous sections, and i t  is  turbulent for:

(1 ) the entire length along the concave side;

(2 ) about 9 5 % of the length along the convex surface.

Therefore i t  is  necessary to focus attention only on the turbulent boundary 

layer results inside the blade passage.

Figure 5.9 shows the variation of the momentum thickness along both 

surfaces. On the concave surface, 0 is  decreasing until x/c = 0.94, then
J0

increasing to the exit. ^ - s t a r t s  with high negative values and then at

dflabout x/c = 0 .7 , ^  has a small negative value or may be zero, since
dB

L % Lcr at that position. Then at x/c > 0.94, L < Lcr and acquires
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positive values. On the convex surfaces, the momentum thickness 

gradually decreases from x/c = 0.11 to x/c = 0.23. Then 6 is  nearly 

constant up to x/c = 0.35, followed by a gradual decrease up to x/c = 0.47. 

Afterwards, a rapid drop in 0 value is  seen up to x/c = 0.52, since L 

increases rapidly at 0.47 < x < 0.53. When x/c > 0.52, 0 is  rapidly 

increasing until the exit of the passage, since the values of L are 

dropping sharply at the same x/c. In general the momentum thickness 

along the concave surface was thicker than that along the convex.

The shape factor H was not affected as much as the momentum 

thickness by the laminarisation parameter. I t  can be observed that 

H was decreasing rapidly until x/c = 0.45 along the concave surface and 

x/c = 0.2 along the convex surface. Then the value of the shape factor 

was kept constant at H = 1.25 in the range 0.45 < (x/ c )concave < 0*95 and at 

H = 1.3 in the range 0 . 2  < (x/c)conuex < 0-55. At (x/c)concave > 0.95 

and ( x/c)  > 0 .5 5 , the shape factor was increased gradually, since

the nature of the flow changed to laminar due to laminarisation.

Figure 5 .10  shows the d istribution  of the shape factor along the concave 

and convex surfaces.

The shear velocity along both surfaces was seen to be increasing 

gradually to the maximum value about 28.0 m/s. Then i t  decreases rapidly  

at x/c = 0.05 from the passage exit due to the sudden change from 

lami nari sed flow to high turbulent flow as illu stra ted  in Fig. 5.11.

I t  is  well known that the fr ic t io n  factor of a laminar flow is  

higher than that of a turbulent flow. Thus, i t  can be observed that the 

d istribution  of the fr ic t io n  factor along both surfaces behaves nearly 

the same as the acceleration parameters, as seen in Fig. 5.12.

The thickness of the boundary layer was thinning steeply along 

both surfaces for the f i r s t  35% of the working length due to rapid increase



140.

in the acceleration parameter. Then, for the remaining length, 6 was 

building up slowly, but when ( * / O concave > 0.95 and (* /c )convex > 0.55 

there was a steep increase in 6 since there was a sudden change in the 

nature of the flow as shown in Fig. 5.13.

The d istribution  of the boundary sublayer thickness was predicted 

from equation (5.33). I f  y is  assumed constant, 6^  is  a function of 

the specific  volume v^ and the shear velocity u* only. The values of v^

is  nearly constant up to (x/ c )concave = 0 , 7 5  and (x7c)convex = °*35,

(Fig. 5.14), and u* was increased gradually, therefore, 6sub was decreasing 

smoothly. At ( x / c ) _ _ WQ > 0.95 and (x/c)r____  > 0.55, 6 „„k was'concave 'convexdUoo sub

increasing slowly, since u* was decreased and was about zero along both 

surfaces. Figure 5.15 shows the 6sub d istribution  along both surfaces.
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CHAPTER 6

PREDICTION OF SURFACE HEAT FLUX AND THERMAL PROFILE OF WET BOUNDARY LAYER 

AND A STUDY OF THE BLADE HEATING METHODS

6.1 Introduction

This Chapter contains the prediction methods used to find the 

d istribution  of free stream temperature, surface temperature and the 

surface heat flux. The energy equation for ideal single phase flow can 

be written in the form

and i t  was found unacceptable for two phase flow. A new formula for 

defining the recovery temperature in two phase flow, regardless of the 

s ta b ility  of the phases, was derived in section 6.3.

The difference in the wall temperature between the in le t  and 

the exit of the blade passage was found experimentally. Section 6.4 

covers the calculation of the wall temperature along the blade surfaces.

The wall heat flux into the turbulent boundary layer was predicted 

by employing Ambrok's method, (section 6.5). The lam inarisation has a 

great effect on reducing the surface heat flux into the turbulent boundary 

layer along the concave and convex surfaces. According to the knowledge 

of the author, there is  nothing published about how the designers of wet 

steam turbines deal with the effects of wetness and lam inarisation on 

heat transfer. Section 6.5.3 contains a theoretical analysis of the 

lam inarisation phenomenon and the effect on the transfer of the heat.

In section 6 .6 , the effect of the physical form of existing wetness on
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the heat transfer and the temperature pro file  in the boundary layers 

is  considered.

The heating methods were discussed b rie fly  in section 6.7.

More discussion about the steam heating method is  presented in 

Chapter 8 . F ina lly, the la s t  section involves the discussion of the 

results of heat transfer and the relation between the lam inarisation, 

the droplet size, the nature of the flow and the amount of heat flux  

from the blade surfaces.

6.2 The Distribution of Free Stream Temperature

The free stream temperature of wet steam flow is  dependent on 

the degree of relieving of the supersaturation. In the existing droplet 

range 0.01 - 1 . 0  ym, the flow was either p art ia lly  supersaturated or 

in equilibrium as analysed in detail in section 5.5. The internal 

heat transfer between the two phases has no effect on the developing free 

stream velocity and boundary layer. Figure 5.4 shows the d istribution  

of the sta tic  free stream temperature along the concave and convex surfaces. 

The curves are very sim ilar, regardless of the temperature values. I t  

can be seen that the subcooling temperature, ATS , which is  defined by

AT =T - T (6.1)s s oo v '

is higher when the droplet size is  bigger, as illu stra ted  in Fig. 6.1. 

Therefore, the p o ss ib ility  of a second nucleation when the in it ia l droplet 

size is  less than 1 . 0  ym is  low, and could be in s ign ifican t when the 

droplet size is  less than 0.5 ym, since the highest ATg is  below 30°C 

and along a very short distance from the ex it of the blade passage.
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6.3 The Recovery Temperature

In section 5.6.1, the energy equation

To T + (6 . 2)

was used to calculate the free stream velocity, where i t  was valid  for 

isentropic single phase flow. Two phase flow, however, is  influenced by:

(1) mass and heat exchange between the two phases;

(2) partial or fu ll re lie f of the supersaturation;

(3) losses due to the existence of the supersaturation.

Therefore, equation (6.2) must be modified to be used with such complicated 

f 1ows.

The flow of the steam is  either p a rt ia lly  supersaturated or in 

equilibrium, and for the same point in the saturation region, the specific  

enthalpy for the two flows should be equal. For p a rt ia lly  supersaturated 

flow, the specific  enthalpy may be defined by:

hps = hg '  yps hfg '  Cd ATPS (6 ‘3)

and for equilibrium flow:

he = hg - ye hfg (6.4)

The energy equation can be written in terms of the enthalpy: 

U 2

ho ■  h + T -
(6.5)

I f  h in equation (6.5) is  substituted by h in equation (6.3), th is

yie lds: o
U c

h = h - y hr- - Cp AT + —*- 
o g yps fg H ps 2

(6 .6 )
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I f  hQ = Cp TQ, therefore, equation (6.6) can be rewritten as:

. ha '  V  h.ff l . AT +
o Cp ps Z ip (6.7)

I f  h in equation (6.5) is  substituted by hg from equation (6.4), the 

energy equation becomes

To T T p ( 6 .8)

Equations (6.7) and (6.8) define the adiabatic temperatures of the two 

phase flows and T0 must be the same value in both cases. Thus from 

equations (6.7) and (6.8) can be derived the same equation which was 

given by Gyarmathy (14):

Cp AT

ps ■̂e Fi
ps

fg
(6.9)

I t  may be concluded that equation (6.7) is  the general equation 

for defining the adiabatic temperature outside the boundary layer, 

regardless of the degree of re lie f of the supersaturation.

For the flow inside the boundary layer, the adiabatic temperature 

is  dependent on the nature of the flow and the value of the Prandtl 

number (Pr). In wet steam flow, Pr approaches unity, and i t  is  feasible  

to assume the value of the recovery factor to be equal to 1.0 for 

laminar and turbulent flows.

6.4 The Wall Temperature

The temperature of the wall can be assumed constant for flow 

along a f la t  plate. In the present work the wall temperature decreased 

from the leading edge to the tra ilin g  edge for both blade surfaces. The
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temperature a t the tra ilin g  edge was found experimentally using the 

simulation method to be approximately equal to 80 - 90% of the temperature 

(Twi) at the entrance of the working length along both surfaces.

Therefore a stra igh t line  or curve f i t  can be employed to define 

the wall temperature along the concave and convex surfaces. There is  

l i t t le  difference in the results between the two f it t in g  methods, and 

hence a stra ight line f i t  was adopted, which can be mathematically 

formulated as follows:

i=n
y Z Ax

V x> ■  To * <T„1 - To> It ^ ) }  (6-10)

where n = number of steps 

Ax = step length

x = value of x at the blade exit e

T .. = wall temperature at the entrance to the blade passage.

Figure 6.2 shows the d istribution  of the wall temperature for

TTF
different in it ia l T . and when ^—  = 0.8.

W1 'w-iwi

6.5 Prediction of Heat Transfer

The advantage of re lie f of the supersaturation is  to raise the 

value of the free stream temperature. The larger the in it ia l entrained 

droplet the lower is  the free stream temperature which gives a higher 

heat transfer from the blade surfaces. Some assumptions were made to 

sim plify the problem of heat transfer, as follows:

(1) The blade surfaces were assumed to be f la t  plates, since the 

thickness of the thermal boundary layer is  neg lig ib le  compared

with the blade curvature.
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(2) The thicknesses of the thermal and velocity boundary layers are 

equal in magnitude, since the Prandtl number was assumed equal 

to 1.0.

(3) Turbulent Prandtl number is  equal to 1.0.

(4) Incompressible two-dimensional flow.

(5) The flow is  steady and homogeneous.

6.5.1 Heat transfer in laminar flow

The laminar flow along the concave surface was outside the working 

passage. Along the convex surface the laminar flow was inside the 

passage and occupied about S% of the working length. The heat transfer 

to the laminar flow can be calculated by solving the energy d ifferentia l 

equation which for incompressible flow, can be written as:

Cp(Tw- T J

dA~

= - a r + a2

 ̂ j_  dPoo  ̂ _____ d|Cp(Tw- T j ]  ‘

U» ‘3x" + Pœ + Cp(Tw-T J  fa (6 .11)

Equation (6.11) can be sim plified, since the laminar flow along the concave
dU^ dPoo dTm dT

surface has a zero pressure gradient, i.e . and are a ll

zero. Furthermore, the flow along the convex surface is  laminar for only 

a short distance from the entrance of the blade passage. Along this 

distance the variation in U^, Poo, T^ and Tw is  very small and can be 

neglected.

Therefore equation (6.11) is  reduced to:

q " dA0Mw 2
p u cp ( t  -  t  y  “ -ax"
K oo CO r  \  v\f oo ’

Ê om the d e fin it iio n  of Stanton number, St,

q 11

St = Cp (Tw - T J
(6.13)
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so that equation (6.12) becomes: 

dA~
St = —T—  x dx

where Â  =
f u (T - T J  dy
Jo
~  (t - t  )oo '  yi oo '

Kays (132) has solved equation (6.14) and found.

Stx

(6.14)

(6.15)

where C] = 0.332, C2 = 0.475, C3 = 1.96, Gx = Poo U^. Substituting 

the values of C1, C2 and C3 in equation (6.15) gives:

Stx = 0.332

The heat transfer per unit area can be calculated 

from equation (6.16) into equation (6.13),

V  = °-332 CP <Tw - TJ  /  " 3 T

(6.16)

by substituting St

(6.17)

And hence, equation (6.17) was used for calcu lating the heat transfer rate 

m the laminar boundary layers along both blade surfaces.

6.5.2 Heat transfer in turbulent flow

There are a number of methods which may be applied to predict the 

heat transfer between the blade surface and the turbulent flow. The 

chosen method would have to contend with:

0 )  low and high accelerated flow;
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(2) varying wall temperatures,

(3) variable free stream temperatures.

The method due to Ambrok and modified by Moretti and Kays (133) 

may be used for calculating the heat transfer through a turbulent boundary 

layer with variable free stream and wall temperatures, and variable free 

stream velocity. The method requires the solution of the integral 

energy equation. The solution is  given in detail in Appendix 6A, and 

leads to

0.25 0.2
0.0295 (tw - t j  y

St - -X -

rx 1.25 1
0.2

.
( tw - t j  G dx

(6.18)

which can be solved numerically.

For highly accelerated flows the value of Stx was modified, 

since the turbulence level and the rate of heat transfer are reduced.

The heat transfer correction factor is  defined by Stx from equation (6.18) 

and the acceleration parameter, L, (Ref. (133)).

F£ = 1 - 165 (^ ~ )  (6.19)
X

F£ must be calculated at (100 - 200) 9 upstream of the application point. 

Then, the corrected value of Stx can be defined by:

(S tx ) = Fj Stx (6.20)
CO

6.5.3 Effect of laminarisation on the heat transfer within the turbulent 

boundary layer

Laminarisation has a considerable effect in reducing the rate of
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heat and mass transfer inside the turbulent boundary layer. The respective 

flows along the concave and convex surfaces each have more than one 

reverse-transitions, therefore the nature of the flow was continually 

changed. Many authors (134 - 138) have comprehensively studied the 

phenomenon of laminarisation. They have found that a laminar method 

could be used for laminarised flow to predict the temperature profile  and 

heat transfer. I f  a turbulent method is  adopted a correction must be 

made to allow for the laminarisation.

In the present work a turbulent method was used. The necessary 

correction was made by using the empirical formula proposed by Moretti and 

Kays (133), (equation (6.20)). From the defin ition  of in 

equation (6.19), equation (6.20) can be rewritten as:

From the defin ition  of L and the adiabatic temperature TQ in equation (6.2) 

and the flow assumed to be ideal, equation (6.22) can be written in the 

form,

(St ) = Sty " 165 L ( 6. 21)

Substituting equation (6.13) into (6.21) gives

(q ") = q " - 165 L P Cp (Tw - T J
co

( 6 . 22)

(6.23)

when y = 1.31, R = 461.5 and y ^ 1.1 x 10"5 ^|, equation (6.23)

becomes

(6.24)
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I f  the value of T is  close to the value of the adiabatic temperature T ,
T - TroW 0

such that yW- _.j -  ^ 1.0» equation (6.24) indicates that the laminarisation
o 00

correction for heat transfer depends on the free stream temperature
dToo

gradient A high temperature gradient produces a reduction in the

heat transfer from the wall into the turbulent boundary layer. The range
d T oo

of can be defined from the acceleration parameter (L). Therefore L 

should be written in terms of the temperature and the temperature gradient.
dUoo

L can be written in term of pressure gradient by substituting - ^ w i t h  

^  by using the Navier-Stokes equations outside the boundary layer.

L =
v 1 dp

¡ p i p ^
(6.25)

For ideal flow p can be defined by the temperature

and

yRp dT1 Koo < (6.26)

Substituting equation (6.26) into equation (6.25) gives

D dT . yR v 00 
L * ‘

(6.27)

By re-arranging and multiplying the right-hand-side by y ,  equation (6.27)
00

can be rewritten as

L = -
i T~ 

^  t 2 Rex f

1 (6.28)

Knowing the range of (L), the local range of the temperature gradient 

can be found from equation (6.28).
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Therefore for highly accelerated flows, the reduction in heat 

transfer from the wall into the boundary layer depends on the degree of 

laminarisation. The higher the value of L (L > L ..),  the greater the
Li I l

reduction in the heat transfer for turbulent flow. Figures 6.3 and 6.4 

show the degree of reduction in the heat transfer and the correlation  

with L along the concave and convex surfaces for the extreme values of d

6.6 The Effect of Wetness on the Heat Transfer and the Temperature

Profiles inside the Boundary Layer

The physical form of the existing wetness is  a principal factor 

affecting the heat transfer calculations. There are many possible forms 

of the water inside the steam flow and on the blade surfaces.

(1) The water may ex ist as a thin film  along the blade surfaces.

(a) I f  the water film  covers the whole surface of the blade, the 

wall temperature w ill be egual to the local saturated 

temperature regardless of the nature and the characteristics  

of the flow above the surface. Konorski (102) has studied 

this problem by heating the blade surface to evaporate the 

deposited water.

(b) I f  the water film  is  discontinuous, the wall temperature w ill 

fluctuate between the local saturated temperature and the 

temperature of the heating steam. The heat transfer through 

the surface free from the deposited water w ill be affected by 

the properties of the flow of the steam, while they have no 

effect on the covered surface. This case may occur in the 

real turbine and i t  is  not easy to study theoretically.
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(2) I f  the blade surface is  free from collected water as may occur 

early in the wet regime in the L.P. turbine; the transfer of 

heat is  affected by the size of the ex isting entrained water 

droplets. A droplet whose diameter is  less than 2.0 pm is  

considered to be small whilst droplet diameters about this or 

greater is  considered large and is  referred to as coarse water.

(a) Large droplets

The flow with large droplets is  not homogeneous, in other 

words the flow is  non-Newtonian. This kind of flow has it s  

own formulae and equations for thermal and velocity boundary 

layers. The behaviour of large droplets w ill be explained 

later.

(b) Small droplets

The flow can be correctly assumed to be homogeneous, as 

explained in the previous Chapter, section 5.6. The 

temperature of the droplet is  assumed to be equal to the 

saturated temperature at the local pressure since the time 

lag for the heat transfer between the centre and the surface 

of the droplet is  very small compared with the expansion time 

of the steam, (At ). Atg)<p found to be about 650 ys.

The time lag between the temperatures at the centre and at 

the surface of the droplet was defined by Gyarmathy, (58),

(Tc - V
At

t=0
c-r

- d<Tc '  V
“3T J t = 0

(6.29)

E le c t in g  the heat conduction inside the droplet Carslaw (140) has found 

ana1ytical solution for Atc_r>
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2

Atc-r *

3
where = 1000.0 kg/m 

Cpf = 4180 J/kg K 

and Kp = 0.645 W/m K

(6.30)

Therefore, equation (6.30) can be rewritten as

(6.31)

And thus for the extreme sizes of fog droplet, Atc_r can be defined 

from equation (6.31).

Therefore, the time lag in internal droplet temperature change can be 

neglected.

The temperature profile  inside the boundary layer is  a function 

of heat transfer along the y-ax is. The heat exchange between the two 

phases may increase or decrease the transportation of heat along x-axis, 

since i t  depends on whether condensation or evaporation is  taking place.

I t  was seen that i f  the length steps along the x and y axes were very 

small, the effect of phase change on the temperature pro file  through the 

boundary layer was in sign ifican t and the error did not exceed 0.1k*

The heat transfer value along the x-axis was affected by the phase 

change inside the boundary layer. I t  was reduced with the evaporation of

( i)  For droplet diameter = 1.0 pm,

Atc_r = 1.62 ps or Atc_r = 0.25% of Atexp'

( i i )  For droplet diameter = 0.01 pm,

At = 1.62 x 10-2 ps or At = 0.0025% of At c-r c -r  exp
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the droplets and increased with the condensation of the vapour. The 

rate of evaporation was found to be maximum at the entrance of the passage 

and reduced slowly along the blade surfaces.

6.7 The Choice of Heating Method

There are three principal methods which can be considered; 

electrtca l, hot a ir  and saturated steam. The selection of the appropriate 

method is  dependent on many technical and economical parameters, e.g.

(1) Effectiveness.

(2) The technical problems; designing, manufacturing, in sta llin g

and operating.

(3) Economics.

(4) R e liab ili ty.

(5) Safety.

6.7.1 Electrical method

This method is  effective since the blade surface temperature can

be controlled. I t  has a number of disadvantages, however.

(1) I t  is  very d if f ic u lt  to insulate the e lectrical co ils  from the 

turbine body. The presence of the wetness in the low pressure 

turbine make conditions dangerous.

(2) I t  is  not economical compared with the other methods, since

i t  needs higher capital costs. The running cost is  greater than

that for steam heating since the quantity of heat used in the steam 

heating method may not exceed 50% of that for the e lectrical 

method.
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(3) I t  is  not safe.

(4) I t  is  not easy to design and manufacture.

(5) I t  is  not reliable.

6.7.2 Hot a ir  method

This method is  safe providing there is  no escape of a ir  into 

the working steam. I t  is  easy to design the auxiliary components and 

the blade. The same manufacturing processes are employed for designing 

the blade internally heated by a ir  or steam. The disadvantages of this 

method are:

(1) Oxidation may take place when a ir  escapes into the wet steam 

in the L .P . turbine.

(2) I t  is  not e ffic ien t, since the heat transfer coefficient for the 

a ir  is  less than that for the steam.

(3) I t  is  not economical, since i t  needs high capital and running costs.

(a) The capital cost consists of the costs of the blade, heat 

exchanger, small a ir  pump and piping.

(b) The running cost is  higher than in the e lectrical or steam 

heating method, since i t  has less efficiency.

(4) I t  is  not re liab le.

6.7.3 Steam method

This method has been tested experimentally. Many investigators 

have adopted this method in experiments on a real turbine and on a simulated 

turbine, (Refs. 103, 104, 106). The advantages of this method are:
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(1) I t  is  more e ffic ien t than the other methods, since the latent 

enthalpy of the saturated steam is  very high.

(2) I t  is  safe and reliab le.

(3) I t  is  economical compared with the others, more details in Chapter 8.

(4) The hollow diaphragm was already designed by G.E.C., Ref. (139).

The design and the manufacturing processes are not complicated, the 

details have been published in Ref. (99). The suggested path of the 

heating steam and the condensate from the extraction point in the turbine 

to the main water feeding pipe w ill be discussed in detail in Chapter 8.

(5) Controlling the blade surface temperature can be obtained only 

by adjusting the pressure of the saturated heating steam.

Therefore, the operating process w ill be easier than for the other 

methods.

6.8 Discussion of the Heat Transfer Results

Heat transfer from the blade surfaces in the internally heated 

blade is  c r it ic a l ly  dependent on the nature of the boundary layer, the size 

of the entrained droplets, the laminarisation, the degree of supersaturation 

and the expansion rate. The net rate of heat transfer along the flow path 

may increase or decrease depending on whether condensation or evaporation 

occurs within the boundary layer. As long as the vapour sta tic  temperature 

is higher than the local saturation temperature, evaporation is  the dominant 

phenomenon, otherwise the condensation is  dominant and the latent heat w ill 

be liberated into the flow.

The effect of laminarisation on the rate of heat transfer in the 

turbulent flow can be seen in Figures 6.3 and 6.4. The maximum 

^eduction in heat transfer may be equal to 50% at x/c = 0 . 2  along the
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convex surface and to 40% at x/c = 0.4 along the concave surface. In 

general the reduction in heat transfer from the convex surface is  higher 

than that from the concave surface due to higher acceleration. The 

droplet size has a small influence on the developing value of heat transfer 

correction factor (F^) with constant in it ia l wall temperature and can be 

neglected (Fig. 6.3). For constant droplet size the variations of the 

in it ia l wall temperature (T .) have a considerable effect on F^. I t  

can be observed from Fig. (6.4), that a small reduction in heat transfer 

occurs for low T . ( i.e . T . ^ T„). This is  a good advantage for an 

unheated blade, since more heat can be generated from the fr ic tio n  between 

the blade and the flow it se lf .  I f  there is  a s ign ifican t relative  

velocity between the droplets and the vapour, the turbulence level may 

acquire a higher value than that in flow with zero relative velocity, 

since the droplets in the f i r s t  case could be considered as tr ip  wires 

to increase the turbulence, regardless of the mechanical losses. The 

increase of F  ̂ when the in it ia l wall temperature drops to nearly the 

adiabatic temperature, was about 2 - 3%. The pattern of F  ̂ is  seen to 

be the mirror image of the pattern of L.

The Stanton number (St) d istribution  was affected by the value 

of F^, so that St behaves the same as F^. Figure (6.5a and 6.5b) 

show the d istribution  of St for each droplet size with t .. = 85°C. The 

variation in St due to the change in the droplet size is  considerable 

only a t x/c < 0.25 from the end of the working length. The increase in

droplet size gives an increase in the Stanton number. The values of St

along the convex surface were less than that along the concave surface 

when x/c > 0.1.from the in le t to the passage, and higher at x/c < 0.1.

The sudden reduction in St at x/c = 0.05 from the exit of the passage is  

due to a sudden increase in L (i.e . highly laminarised flow).
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Figures (6.6 - 6.9a and b) illu stra te  the d istribution  of St 

for different droplet size (i.e . 0.01 - 1.0 pm) and the in it ia l wall 

temperature t . = 80, 75, 70 and 66°C respectively. From these figures 

i t  can be seen that the droplet size has more effect on the value of St 

when t • was decreasing, e.g. a considerable change in St value at x/c > 0.1
W1 q

from the in le t of the working length along both surfaces when t ^  66 C 

(Figures (6.9a and 6.9b), while this occurs at x/c > 0.25 when t ^  - 85 C 

(Figures (6.5a and 6.5b).

The accumulated heat transfer along both surfaces for the whole 

range of droplet size and different in it ia l wall temperature can be seen 

in Figs. 6.10 - 6.14; the d ifferent d istribution of heat in each figure 

has shown that the droplet size is  a s ign ifican t variable.

The effect of the droplet size was sign ifican t along the second 

half of the working length. For the same droplet size and wall temperature 

the extent of heat transfer from the concave surface was approximately 

equal to that from the convex surface, since the laminarisation has more 

effect along the convex surface. Therefore the total heat from the blade 

surfaces could be calculated by multiplying the total heat from the concave 

surface by two.

The maximum heat transfer from one side of the blade was found 

about 1.0 kW per one metre of the blade length, when the droplet size was 

maximum (d = 1.0 uni) and tw1 - 85°C (Fig. 6.10). The minimum heat was 

about 0.2 kW per one metre of the blade length, when the droplet size was 

Minimum (d = 0.01 ym) and t .  = 66°C (Fig. 6.14). The predicting of 

maximum heat w ill be used in Chapter 8 for calcu lating the fuel cost.
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CHAPTER 7

THE PARAMETERS AND DEVELOPMENT OF THE MATHEMATICAL MODEL

7,1 INTRODUCTION

This Chapter presents the mathematical model which describes the 

behaviour of the fog droplet inside the boundary layer. The possible size 

distribution of the generated droplets from the nucléation process is  given 

in section 7.2. The analysis of the kinds of interaction between the 

droplets is  considered in section 7.3. Sections 7.4 and 7.5 involve the 

Parameters of the theoretical model. These parameters are the transfer 

of heat and mass between the two phases, diffusion and thermophoresis.

The theoretical results are presented in section 7.8. A very large 

number of figures have been produced; i t  was considered that there were 

too many to be introduced in th is thesis, therefore

1 * A selected number of plots have been considered which are adequate 

to give a clear picture of the situation concerning the droplets 

in the flow.

2. The sizes of some plots were reduced to a quarter without losing  

the detail of the curves.

Comparisons of some theoretical results with the available  

exPerimental data were made in order to verify the theoretical model 

(section 7.10). The theoretical model is based on a few acceptable 

assumptions. These are:

• There is  no second nucléation inside the passage.

The entrained droplets are monodisperse in size.

There is  no rotation of the droplet.
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The heat capacity of the droplet can be neglected.

5. The eddy d iffusiv ity  of the droplet is  equal to the eddy viscosity 

of the vapour.

6. There is no s l ip  between the droplet and the vapour.

7. The density of the liquid phase is constant and it  is  equal to 

1000 kg/m3.

7,2 DISTRIBUTION OF DROPLET SIZE

In the present work i t  is  assumed that nucleation occurs shortly  

before entry to the passage and therefore the droplet d istribution  is  

size-monodisperse at entry. In the general case spontaneous nucleation 

Nay take place anywhere along the blade passage. I f  so, the distribution  

°f the droplet size at the nucleation position is  not monodisperse. Small 

droplets w ill form in free stream flow whilst large droplets w ill form 

inside the boundary layer, due to the different value of the expansion rate 

(P) inside and outside the boundary layer. I t  is  well known that the size 

of the new droplet depends on the expansion rate and the nucleation onset 

pressure. At the nucleation point the onset pressure can be assumed 

oonstant along the normal axis (y ) , therefore the size of the droplet is  

roainly dependent on the value of the expansion rate (p). For a given 

onset pressure, the expansion rate can be defined inside and outside the 

boundary layer as follows

(a) Outside the boundary layer:

The general defin ition of p is

(7.1)
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dx
where (free stream velocity).

From the Navier-Stokes equation, ĵ£ can be written in terms of

(7 .2 )

Therefore, equation (7 .1 ) can be rew ritten  in  the form

£ u 2 ^D u°° dx
(7.3)

Equation (7 .3 ) shows th a t ,  a t  any p o s i t io n  x a long the passage p, p, U

dUoo
and are constant. Therefore p is constant at a given x, and thus 

the new droplets w ill be monodisperse in size.

(b) Inside the boundary layer

dx •
Within the boundary layer the term in equation (7.1) is  a 

function of the distance from the blade surface ( y ) ,

dx , . 
tft " u(y)

^j£ i s  determined from equation (7 .2 ) .

Therefore equation (7 .1 ) becomes

dU

P -  p “(Y) u-  - 3 F

du=
At a g iven  ( x ) ,  p, p, and - r r r  are co n sta n t ,  and thus p i s  on ly  a fu n c t io n  

of u(y)

P(y) = (C)x (7.4)

„ ,-dlL,
where (C) = £  U 2 -3—  = p 

v 'x  p 00 dx

Substituting (C) in equation (7.4) gives,X
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p(y) _ n M  
P ~

(7.5)

From the 1/7th power law can be written in terms of y and 6
Poo

¿ixL = (l1/7
F>

(7.6)

where 6 is  the boundary layer thickness.

I t  can be concluded that

1. The distribution of p inside the boundary layer is  the same as 

that of the velocity.

2. Different droplet sizes may be produced through the boundary 

layer, large droplets near the surface and small droplets at the 

edge of the boundary layer.

3. The significance of the dispersion of the droplet size depends 

on the thickness of the boundary layer. The dispersion is  

considered only for a thick boundary layer, and neglected for a 

thin boundary layer.

4. S ta tis t ic a l analysis must be used for finding a mass-median 

diameter of the droplets, when the dispersion in droplet size is  

sign ifican t.

In the present study the dispersion in the size of the droplet can 

be neglected, since the nucléation occurred before the entry to the passage. 

It  can also be neglected when the nucléation occurs at the entry, where 

the thickness of the boundary layer is  very small relative to the height 

°f the passage. I f  the nucléation takes place after the throat, the 

dispersion in droplet size must be taken into consideration. In spite of 

the probability of dispersion in droplet size, the range of droplet size
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was found to lie  within 0.01 - 1.0 urn.

7.3 ANALYSIS OF THE BEHAVIOUR OF FOG DROPLETS IN THE BOUNDARY LAYER

The motion of the fog droplets inside the boundary layer is  a 

function of the physical and geometrical properties of the droplets, the 

nature of the flow and the geometry of the blade passage. The mechanisms 

which govern the droplet motion are influenced by the droplet size and the 

nature of the flow. The fog droplet in the boundary layer is  subjected 

to the following effects which act concurrently.

1. Mutual co llis io n , bouncing or mutual fracture.

2. Flow-wise d r if t  by vapour propulsion.

3. Phase change.

4. Reaction, due to uneven mass transfer.

5. Brownian diffusion.

6. D iffusive deposition; in the laminar and turbulent flows.

7. Thermophoresis.

8. Adhesion forces.

9. Eddy d iffusion.

10. Body and e lectrical forces.

11. Eddy impaction.

^2. Inertia impaction.

"'3. Sedimentation.

Effects of 2, 4, 10, 11, 12 and 13 are neglig ib le  since the size of 

the droplets studied in this Chapter are submicron. These effects are 

®xamined in the literature survey (Chapter 2). Wall roughness effects
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are not included in this study.

7.3.1 Mutual co llis io n , bouncing and mutual fraction

Interaction between fog droplets is  due to the eddies of the 

turbulence, Brownian motion and the inter-droplet spacings. The space 

between the droplets is  a function of droplet size and the wetness fraction. 

In low pressure steam turbines the inter-droplet spacing may be ten times 

larger than that in high pressure turbines for the same wetness fraction.

The three effects on the droplet's interaction can be stated as follows:

(a) Configuration of the droplets inside the boundary layer

The distribution of the droplets in the flow is  mostly random.

For the sake of analysis, however, i t  is  necessary to assume that the 

spacing complies with a specific  configuration. In the present work a 

proposal (5) due to Ryley was employed. He considered that each droplet 

could be located at the intersection points of a rhombohedral la ttice .  

Therefore the local population density can be calculated, provided the 

droplets are monodisperse in size. The expression to define the la ttice  

ratio  in terms of interglobular distance and droplet size for low pressure 

was derived by Ryley:

R = § = 9 . 0

X V 1/3

(7.7)

The expression is  applicable to the flow with fog droplets only where 

no s lip  occurs between the liquid  and the vapour. The fu ll analysis for 

the derivation of equation (7.7) is presented in Appendix (7A).

The general value of R was found to be in the range 50 - 100, 

which means the relative distance between the droplets is  large. The 

evaporation has a considerable effect on increasing the value of R, since
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i t  reduces the wetness fraction and the droplet size. The local value 

of R sometimes deviates from the mean value due to a reduction in the 

droplet size.

Figures 7.1 - 7.3 show the local d istribution of R inside the 

boundary layer when the in it ia l wall temperature (t ..) is  maximum (85°C).

It  can be noticed from the results at y > 100 ym, that when the evaporation 

or the condensation are not considerable, the local R is  nearly constant 

along the concave and convex surfaces. The rapid increase in R for 

droplets near to the blade surface is  due to a high evaporation rate as 

shown in Table 7.1.

TABLE 7.1 - THE CONDITIONS OF THE MAXIMUM LATTICE RATIO (R)

Figure
number

di
ym

y
ym

surface D

max
(■jr) from the LE

'completely
evaD.l

7.1 1.0 50.0 concave 600 0.45

7.2 0.5 50.0 concave 120 0.35

7.2 0.5 50.0 convex 4000 0.23

7.2 0.5 100.0 concave 1200 0.47

7.3 0.1 100.0 concave — 0.33

7.3 0.1 100.0 convex 12000 0.15

7.3 0.1 280.0 concave 200 0.35

Table 7.1 shows that evaporation dramatically increases the inter­

spacing distance between the droplets to about 12,000 times the droplet 

di ameter.
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I f  the wall temperature is  reduced to about the adiabatic temperature

friction . Figures 7.4 - 7.6 shows the d istribution of the la ttice  ratio

phase change is  not considerable when the droplets are at a distance 

y > 50 ym from the blade surface and R has a small range (60 - 80), as 

shown in Figure 7.4. The range of R is  always bigger for droplets on the 

concave surface than that on the convex surface. Figure 7.5 illu stra te s  

an increase in the range of R along both surfaces when d̂  equal to 0.5 ym. 

Figure 7.6 shows that there is  a complete evaporation of the droplets at 

different locations inside the boundary layer, and Rmax may exceed 

20,000. From Figures 7.4 - 7.6 the history of the effect of droplet 

size can be seen as the la ttice  ratio  increases due to decreasing the 

droplet size. For the same in it ia l droplet size, the wall temperature 

has no effect on the la ttice  ratio  when the droplets are far from the 

surface, as shown by a comparison between Figures 7.1 and 7.4.

(b) Droplet interaction due to Brownian motion

The motion of a particle due to a large number of co llis io n s  with 

the vapour molecules is  called the thermal or Brownian motion. I t  was 

recognised by Fuchs (126) that the particle acquires a velocity perpendicular 

to it s  orig inal direction due to the bombarding vapour molecules. The 

distance along which the droplet moves before changing it s  direction is  

called the apparent mean free path and defined by Fuchs as

where G is  Brownian mean velocity and can be expressed in terms of the 

temperature and the droplet mass thus

(t . = 66°C) the evaporation depends on the energy d issipation due toW1

when t . is  equal to 66°C. For a droplet size equal to 1.0 ym, the

(7.8),

(7.9)
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Equation (7.9) can be rewritten in the form

G =

f

(7.10)

Tr in equation (7.8) is  the relaxation time; the time during which the 

droplet travels a distance equal to the apparent mean free path. can 

be defined by

o 2m 2r pf
T = - J 2 -  = _ _ _ L  (7.1
r 67ryr 9y

Equation (7 . 1 0 ) is  valid  only for fog droplets in a molecular size range.

The equation of droplet mean free path can be rewritten by 

substituting equations (7.10) and (7.11) into equation (7.8),

The saturation temperature has a small effect on the droplet mean 

free path, since the difference between the square root of the maximum and 

Minimum temperature is  less than 2.5%. Therefore £g is  mainly a function 

of droplet size. The droplet size range of interest in th is work is

where K_ = 1.381 x 10‘ 23 J/K
D

pf = 10 0 0 .0  kg/m3

Substituting the value of Kg into the above equation gives

- 3.6 x 10" 11

v
(7.12)
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0.01 - 1.0 ym. I t  can be shown that the value of £g for a droplet which 

has a diameter of 1 .0  ym is  nearly ten times that for a droplet which has 

a diameter of 0.01  ym, thus Jig can be written in the term of r only,

¿g a /r  (7.13)

Figures 7.7 - 7.9 show the apparent mean free path d istribution  

along the concave and convex surfaces with in it ia l wall temperature equal 

to 85°C. I t  can be seen that there is  a sharp drop in the value of ¿g 

for droplets close to the blade surfaces and £g reduces very slowly or 

sometimes increases due to condensation for droplets ( 1 .0  ym) at a distance 

y > 100 ym from the blade surfaces (Fig. 7.7). For droplet sizes less 

than 0.5 ym in diameter the droplets at y = 100 ym along the concave surface 

and y < 100 ym along the convex surface do not survive due to evaporation 

and their sizes are comparable with the molecular size (Fig. 7.8).

Figures 7.10 - 7.12 display the variation of £g along x/c for droplet 

diameters 1 .0 , 0 .5  and 0.1  ym and the in it ia l wall temperature nearly 

equal to the adiabatic temperature. Fig. 7.10 shows that the value of l Q
D

is nearly constant along y, when condensation takes place or when the 

evaporation is  very slow. However, when the droplet size is  reduced or 

the surface of heat and mass transfer is  increased, the evaporation of 

the droplet near to the surface is  s ign if ican t even when the wall temperature 

is close to the adiabatic temperature, (F igs. 7.11 and 7.12).

The local ratio  of droplet mean free path to the droplet diameter 

is nearly constant for the surviving droplets along both surfaces regardless 

of the in it ia l wall temperature and the location of the droplet inside the 

boundary layer, as shown in Figs. 7.13 - 7.18.

The relaxation time is  conceived to be the time taken for the 

droplet to travel a distance equal to £g (and i t  may change it s  direction).
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The number of movements of the droplet within a certain distance depends 

on,

( 1 ) the relaxation time of the droplet,

(2 ) the length of the interval distance,

(3) the velocity of the steam.

The maximum length of the interval distance is  4 mm and the minimum velocity 

is  85 m/sec, therefore the maximum time for the droplet to travel Axmax

is 47 ys. The relaxation time (equation (7.11)) for survival of a droplet 

(d < 0.1 ym) is  about 0.06 ys. Thus, the maximum number of droplet

movements N can be calculated by m

N = -— = 783m xr

£> x 2. m
4  ~

/

.1%
\ oO« y 1,0 i. 3, a 5

I % V  !<x
X K )  s ? -The least probable movement of the droplet can be shown by 

imagining two sim ilar droplets in the same location from the blade surfaces 

moving toward each other, as seen in the figure below.

Each droplet w ill share half the moving distance, i.e . i t  is  the 

same situation as assuming one of the droplets to be fixed and the other 

moving towards i t  in one direction, thus

< > M 1 (D

D
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Therefore i f  N > , co llis io n  w ill occur and there is
m

insu ffic ien t information to determine whether agglomeration or bouncing 

w ill take place. The p o ss ib ility  of interaction between the droplets 

does not exist when the droplet size is  greater than 0.1 (Figs. 7.19,

7.20, 7.22 and 7.23). I t  is  perhaps possible along the f i r s t  30% of 

the working length when the droplet size is  less than or equal to 0.1  pm, 

and even i f  agglomeration does occur the resulting partic le  w ill be harmless 

to the rotor blade since i t  has no chance to deposit on the nozzle blade 

surfaces, (Figs. 7.21 and 7.24). Figures 7.19 - 7.24 show that, for 

surviving droplets, the value of (D/£g) is nearly constant for each droplet 

size regardless of the temperature of the blade surface.

Recently, Kantola (127) has found experimentally that agglomeration 

of the droplet occurred immediately after nucléation onset in his shock 

tube; in the present situation, however, there is  no chance of interaction 

between the droplets, but there is  such a probability when the droplets 

are very fine for a short distance from the entry to the passage.

(c) Droplets interaction due to eddies of turbulence

In the low pressure steam turbine fixed blade passage, the chance 

of interaction between the fog droplets can be neglected for the following 

M asons:

1. The intensity of the turbulence is  assumed to be 2.0 - 2.5% and 

is  too low to produce s ign ifican t interaction.

2. The laminarisation reduces the turbulence to a very low level along 

the blade passage.

3. The in it ia l wetness fraction is  3%, and is  very low.
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4. The expansion rate near the throat of the passage was su ffic ie n tly  

high as to cause a further reduction in the population density of 

the droplets, since i t  is inversely proportional to the specific  

volume of the flow.

5. Crane (128) found very l i t t le  increase in the droplet size due to 

coalescence for a low pressure flow with 4% wetness. This small 

increase in droplet size is  probably due to condensation rather 

than coalescence. He did not mention'the thermodynamic conditions 

of the flow. He also found that there was no coalescence between 

droplets in flow with turbulence levels less than 2%.

According to Crane's information there is no chance for coalescence 

to take place in the present situation. However, other types of 

intereaction may occur, such as bouncing. Chapters 5 and 6 showed that the 

flow is  laminarised along more than 50% of the working length of the passage, 

and i t  is  therefore reasonable to treat the flow as being laminar.

Therefore the effect of turbulence is reduced and the principal cause of 

co llis ion s between the droplets is that of Brownian motion. The analysis 

°f th is situation has been presented in point (b).

I t  can be concluded from Kantola (127) and Crane (128) that there 

is no p o ss ib ility  of obtaining mutual fracture between the droplets due to 

interaction since there was no recording of a reduction in the droplet size. 

An increasing or constant droplet size was observed in their findings.

A mutual fracture might occur between large droplets due to a reduction in 

the surface tension influence with the increasing of the droplet diameter. 

However for very small droplets (Kn > 4) there is  no experimental information 

(according to the author's knowledge) about the surface tension, since i t  

1s a continuum phenomenon whilst the treatment of the behaviour of the
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droplets should be within a molecular region. Therefore, the value of 

the inter-molecular force inside the droplet w ill determine whether bouncing, 

coalescence or mutual fracture w ill occur. The inter-molecular force 

inside a very small droplet (Kn > 4) is  probably decreased by decreasing 

the size of the droplet since the number of molecules are less. Thus i t  

can be concluded that the co llis ion  between very small droplets (Kn > 4) 

may result with coalescence, since

(i)  the cohesion force increases by decreasing the droplet size;

( i i )  a reduction in the number of the droplets is  associated with

increase in the size of the droplet, has been recorded by Kantola (127).

7.3.2 Phase change

On unheated L.P. steam turbine fixed blades, the phase change is  

that of condensation and the process may be divided into three regions;

1. Expansion of dry steam and increased supercooling.

2. Spontaneous condensation at maximum supercooling.

3. Droplet growth and disappearance or partial disappearance of 

supercooling. I t  proceeds by depositing some of these droplets 

on the blade surfaces.

The f i r s t  region cannot be changed or modified. The second region 

is too complicated to control. Whilst designers can calculate the position  

maximum supercooling or the nucleation point inside the nozzle for 

certain turbine conditions, they cannot easily  allow for the case when the 

turbine is  run at partial load. Therefore the third region is  the main 

subject in the present work. This process can be controlled by using 

heated blades. The nature of the phase change mainly depends on the 

droplet size and the temperature difference between the vapour and the liqu id.
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When the temperature of the blade surface reduces below the local 

saturation temperature a very rapid growth can be expected in the size of 

the fog droplets which are in the v ic in ity  of the surface. Accordingly, 

this may lead to large droplets with diameters greater than 2.0 pm. On 

the contrary, when the temperature of the blade surface is  increased above 

the local saturation temperature, high evaporation w ill occur. The survival 

droplet from evaporation may have diameters below 0 .01  pm.

In th is work a wide range of droplet sizes can be obtained and i t  

depends on the degree of heating and flow conditions of the wet steam. 

Therefore, i t  is necessary that the phase change between the large droplets 

and the surrounding vapour is  to be considered as well as that of the small

droplets.

(a) Phase change of large droplets \

The growth or evaporation of a droplet with r > r i s  determined on 

the basis of the amount of heat removed from or added to it .  There are 

four types of heat transfer between the two phases and can be listed  as.

1. Heat conduction within the droplet. This is  very rapid for the 

expected sizes in the present work, which are less than 3.0 pm.

2. Heat capacity of the droplet which can be neglected for such sizes 

of droplets.

3. Heat conduction from or to the surface of the droplet, assuming there 

is  no relative movement between the vapour and the droplets.

4. Latent heat due to mass transfer.

The balance between the heat conduction (point 3) which is  in the form

Q = 4TirK£ (Ta - Tg( r ) ) (7.14)
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and latent heat (point 4) which is  in the form

Q -  hfg <ti <7 J 5 >

where dm = 4ttp̂  r 2 ^  (7.16)

gives the rate of growth or evaporation of large droplets (equation 2 .9 ) 

as following,

dr2
~ W  =

2h

' " h"fg.
(7.17)

Whether droplet growth or evaporation occurs is  dependent on the vapour 

temperature being lower or higher than the droplet temperature. I t  can 

be seen from equation (7.17) that the rate of change in the droplet radius 

is proportional to / t  and not t. I t  should also be borne in mind that 

the heat transfer inside the droplet has been neglected.

(b) Phase change of small droplet

When the droplet has a radius (r) less than the mean free path (£**), 

the phase change between the droplet and the surrounding steam is  evaluated 

°n the basis of the molecular kinetic theory. Therefore the transfer rate 

heat or momentum must be expressed as the sum of the amounts of energy 

0)" momentum transferred individually by the molecules which co llide  with 

the droplet. S im ilarly, the mass transfer rate is  the net difference in 

the total mass of vapour molecules condensing on and evaporating from the 

droplet. The net transfer of mass can be formulated using the kinetic 

theory of gases as:

dm 
cTf =

p(V r ) ' (7.18)
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where c = coefficient of condensation or evaporation and can be assumed 

to be unity (c = 1 .0 ).

Equation (7.18) can be used for a very wide range of Knudsen 

number, when a correction factor is  included. In the present work, the

correction factor y , l  ^ TnT USed by V°Un9 (” 6) W* S ad°Pted’ a" d 

equation (7.18) becomes

dm _ 8 r^ Kn /Sir ^9 _
at '  3(1 + 2.7 Kn) / IT  / f j p f

-  T

P(T£ ,r) '
(7.19)

The fu ll derivation of equation (7.19) is  presented in Appendix 7B.

To find the rate of droplet growth or evaporation, the mass rate 

can be written in the term of r and ^-» equation (7.16),

m 4
1 TTPc

dm
at

2 dr
r at

(7.20)

I f  equation ( 7 .2 0 ) is  substituted into equation (7.19) the variation in 

the droplet size due to a temperature difference between the droplet and 

the vapour can be determined as,

dr
a t =

P(T£ »r) "

or

dr
a i r = 4.952

Kn

¡3(1 + 2.7 Kn)

p t V )

 ̂J

(7.21)

(7.22)
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where = 1000 kg/m^

R = 461.5 J/kg K

I t  is  assumed that the vapour pressure pg is  equal to the droplet 

pressure (p(T^,r) since there is  no information (according to the author's 

knowledge), about the increase in droplet pressure due to the surface 

tension of the fog droplet. The droplet temperature is  assumed to be 

equal to the saturation temperature at the local pressure (Ts (p)). 

Therefore equation (7.22) becomes

dr
cfx =

Kn p
4.952 --------- ----------

u(l + 2.7 Kn)

1

/V 7'
(7.23)

where pg = the saturation pressure in bar.

The main difference between equation (7.17) and (7.21) is  that 

the latter describes the change in the droplet radius, w hilst the former 

describes the change in the square of the radius. The rate of increase 

or decrease in the size of a small droplet is  higher than that of large 

droplets, since i t  is  proportional to time t for the small droplet, whilst 

for the large droplet i t  is  proportional to the square root of time (vT).

The rate of heat transfer from or to a large or small droplet can 

be determined from:

Q = (hf J
dm

fg ; r
(7.24)

where (hf  ) is  the latent heat of vapourisation from or to the droplet.
1 y y»

(hfg ) = hfn +
4a

fg 3pf r

4ar , rwhere •*— -r = cap illa ry  term used with very small

droplets only,

or
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4a.

< V r -  hfg (1 +

3pfr

fg
(7.25)

a^ is  the surface tension of the droplet. For a very small droplet the 

surface tension lie s  below its  bulk value. The formula for the surface 

tension of liqu id  as a function of radius has been obtained by 

Annis et al (129), as

a = a
p  00

1 + 7 T
(7.26)

where 0 = constant for a given liqu id, and i t  is  approximately equal 

to the inter-molecular spacing ( J ^ 1  x 10 ^  m),

a = surface tension of plane interface.
00

In the present situation, the maximum value of the term

f(4a / 3d r)/h 1 was calculated to be 1 x 10" 4 , so that i t  can be neglected 
u r 1  ' fg J
without s ign if ican tly  affecting the accuracy of calculating Q. Therefore,

the latent heat of vapourisation from and to a droplet ((h f  ) ) is  equal
y r

to that from and to the plane surface (h^g), and equation (7.25) becomes,

< V r * hfg
(7.26a)

and equation (7.24) becomes 

A , dm
Q = hfg 3T (7.27)

where ^  can be calculated from equation (7.20) and hf  can be found from 

steam tables.

The change in the wetness fraction can be calculated from the rate 

of change of the droplet size and the flow rate of the vapour,
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4tt p N Ar3
Ay = ------L J i ------  (7.28)

p A ü
g

where Np = number of droplets per unit length of the blade 

A = cross section area of the blade passage 

ü = average velocity of the flow.

The results w ill be presented and discussed later in th is Chapter.

7.3.3 Brownian motion

The movement of small droplets (d ^ 1.0 pm) w ill be influenced by 

impacting vapour molecules and thus maintained in a state of continuous 

random motion. The effect of Brownian motion diminishes when the droplet 

size increases and can be neglected for droplets with Knudsen number (Kn) 

less than 0.01. In the absence of turbulence (in laminar flow) and 

with the uniform concentration the movement of the fog droplet is  mainly 

affected by Brownian motion.

Thermal (Brownian) motion of droplets suspended in a vapour is  

expressed by the following equations derived by Einstein,

7  = 2D(r)t (7.29)

D(r) kBTs<P> ------- r---- (7.30)

where D(r) = the d iffusion  coefficient of the droplet 

T$ = the absolute droplet temperature 

f  = the drag at unit velocity, or the reciprocal o f the droplet 

m obility =

F = the Cunningham s lip  factor, which is  defined by many investigators. 

A recent expression for F was given by Annis et al (129) in the

form,
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F = 1 + Kn[ 1 .558 + 0.173 exp ]  (7.31)

In the turbulent flow the d iffusion coefficient was found to be 

very small, compared with the eddy d iffu s iv ity  (D(r) «  e^), therefore 

D(r) can be neglected outside the laminar sub-layer without affecting the 

accuracy of the calculations.

7*3.4 Thermophoretic force

The thermophoresis phenomenon exists even when the blade surface 

is adiabatic since temperature recovery occurs at the surface promoting a 

local temperature gradient along the vertical axis. In adiabatic stagnant 

flow, the thermophoretic force can be neglected. The magnitude of the 

thermophoretic force increases with increasing temperature gradient and 

droplet size. Therefore the benefits of heating the blade surface are:

1* Reducing the droplet size or reducing the rate of growth of the 

droplet.

2* Increasing the thermophoretic force to propel the droplet away from

the surface and thus discourage deposition.

The calculation of the thermophoretic force and velocity can be 

achieved by using an empirical formula which was derived by Talbot et al (79).

(1) The thermophoretic force, using Brock's orig inal formula, is

K _ (VT)
12iryvrCs + 2Ĉ . Kn ] |_—=—

FT(r) . ---------------L i ------------- -------------------

[ 1 + 6  CmKn ]  |_ 1 + 2 - ^ + 4  Ct Kn ]

(7.32)
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(2 ) The thermophoretic velocity is

K ( -2CKn)
2C v [  JL + 2Ct Kn ]  [  1 + 2 Kn (A + B e

V) ■ —----6-----------r---------------
[ 1 + 6  C Kn ]  [  1 + 2 y3- + 4 C.Kn ]

Ml ' r i

T

(7.33)

where C , Ct , C , A, B and C are constants whose values are 1.14, 2.18, 1.14,
S v» Ml

^•2, 0.41 and 0.88 respectively.

(7.33)

1 .

Substituting the value of the constants in equation (7.32) and 

g ive s:

Thermophoretic force

FT (r)

dT,
K n

43 yvr 3 ~~~

T
1 + 6.84 Kn J |_ 1 + 2 + 8.72 Kn ]

P

(7.34)

Thermophoretic velocity

K (dT)
2.28v f - ^  + 4.36 Kn ] [  1 + 2 Kn (1.2 + 0.41 e^ 6 K°)] ^  x

VT(r) ---------------- E------------------- j< ----------------------------------------------L _

I' 1 + 6.84 Kn ] T 1 + 2 JL + 8.72 Kn ]
P

(7.35)

where T = the average temperature at x.

Equations (7.34) and (7.35) are valid for the entire range of Knudsen number 

(0 ^  Kn < oo). i t  can be observed from the above two equations that 

and v^p ) are not sensitive to the variation of K^/K^, e.g. the 

increasing of Kg/Kp from 0.01 to 1.0 gives an increase in VT of less than 2%. 

Reducing the droplet size by evaporation has two opposing effects, f i r s t ly
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to propel the droplets away from the surface by thermophoresis and 

secondly to increase the droplet motion towards the surface by Brownian 

force. Therefore the net effect depends on the temperature profile  and 

the nature of the flow.

7.3.5 D iffusive deposition

The deposition of fog droplets (0.01 - 1.0 ym) is  dependent on 

many factors:

1. The nature of the flow; laminar or turbulent.

2. The d istribution of the droplet concentration along the vertical 

axis (y-ax is).

3. The temperature of the blade surface and the temperature and 

velocity profile  inside the boundary layer.

4. The geometry of the blade passage.

5. The size and the temperature of the droplets.

The mechanism of droplet deposition is  determined by the nature 

of the boundary layer, i.e. laminar or turbulent, therefore, there are 

two situations to consider:

(a) D iffusive deposition in laminar f low

It  is  believed that in the la st  stage of a steam turbine the 

fr ic tio n  is  su ffic ien t to produce a thermophoretic force on a small 

droplet even with an unheated blade. Therefore an accurate formula for 

calculating the rate of mass transfer must include the thermophoresis 

term. This can be compared in magnitude with other terms in order to 

determine the significance of the thermophoresis effect. The net droplet 

diffusion is  the difference between the d iffusion  (due to concentration
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gradient and Brownian motion) and the thermophoretic d iffusion, this can 

be formulated as:

N = D( r ) 3 7 + VT(r)C (7.36)

where D(r) ^  = the mass transfer due to concentration gradient and 

Brownian diffusion (-ve in y direction),

V j(r)c  = the mass transfer due to thermophoresis (-ve in y direction),

dc
cly = the concentration gradient which can be determined by 

the l / 7 th power law (+ve in y direction).

Equation (7.36) may be integrated with the following boundary conditions,

c = 0 at y = 0 

c = cco at y > 6C

where Sc = the concentration boundary layer thickness and can be taken as 

equal to that of the velocity boundary layer (6). The solution of 

equation (7.36), therefore, can be written as

VT(r)

Vnet “ --------- W *  ( ? *37)
1 - exp (------ [5------)

Where Vnet = the residual velocity of the droplet (-ve in y direction).

fbe deta ils for deriving equation (7.37) can be found in Appendix 7 C.

In the present study, the effective working length of the laminar 

flow is  very short and may be less than 6% of the total length along the 

convex surface. The flow is  entirely turbulent inside the working length 

°f the passage. Therefore, the laminar flow can be neglected and the
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flow inside the passage is  considered to be turbulent only.

(b) D iffusive deposition in turbulent flow

The turbulent flow was divided into two regions, laminar sublayer

and turbulent. The mechanism of d iffusive deposition in the sublayer is

dominated by Brownian d iffusion, concentration gradient and thermophoresis,

whilst in the turbulent core, the eddy diffusion is  the dominant effect.

The diminishing of the concentration and thermophoretic effects is  due

dc
to the decreasing of the gradient of the concentration (^y) and the 

temperature . The mathematical form of mass transfer from the 

turbulent flow to the surface may be written as

The eddy d iffu s iv ity  can be found by using the Van Driest model (130). 

The final expression from the integration of equation (7.38) is

N - (D(r) + ep) + Vj(r) c (7.38)

where (D(r) + e ) ĵy = the mass transfer due to eddy d iffusion , Brownian 

diffusion and concentration gradient (-ve in y direction),

Cp = the eddy d iffu s iv ity  which is  equal to the eddy v iscosity

(7.39)'  VAJ ,

1 - exp (- VT(r) ë”+Tj)

and can be solved numerically. Greater detail may be found in Appendix 7C.
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7.4 The Numerical Method

In order to formulate the problem in mathematical terms a 

step-by-step method was used (131) in the present work. A number of 

assumptions were made to simplify the problem.

1. The effect of the blade curvature relative to the boundary layer 

thickness was neglected.

2. Nucleation occurred at the entry to the passage therefore the 

size of the generated droplets is  in it ia l ly  monodispersed.

3. The entire flow inside the passage is  turbulent, despite that 

for a very short distance from the entry, the flow was laminar.

In general the local conditions w ill vary with reference to 

deposition, phase change and droplet concentration both in the flow-wise (x) 

and the normal (y) directions. During the time that the droplet travels 

along the blade passage, there are many changes in the droplet properties 

along both the x and y axes and also in its  behaviour such that changing 

in size, velocity, temperature, d iffu s iv ity , thermophoretic force and

turbulence.

7.4.1 Choice of the cell sizes

The boundary layer was divided ax ia lly  and ve rtica lly  into a grid 

of rectangular ce lls  stationary in space and parallel to the flow plane. 

Ryley and Al-Azzawi (131) divided the boundary layer into ce lls  having 

the same size which is  4 mm flow-wise (x -d irection ), 5 pm normal to the 

flow and unity in the direction of blade length. In the present work, 

the flow-wise step was variable, i.e . i t  was decreasing along the passage, 

and i t  was very small at the throat (a point of rapid change in the 

dynamic and thermodynamic properties of the droplets and the associated
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vapour (see section 5.5 for calculating the length of the flow-wise 

steps (Ax)). The width and the height of the ce lls  was kept the same 

as in the previous work (5 ym and unity respectively). Figure 7.25 shows 

the boundary layer ce lls.

7.4.2 The analytical procedure

It  is  not practicable to represent each droplet by a c e ll,  even i f  

the size of the droplet is  the maximum (1 .0  ym). Therefore to sim plify  

the problem, a set of droplets is  assumed to have common physical and 

geometric properties and to populate a ce ll. The droplets within a given 

cell are at a ll times monodisperse in size, move as set and are subject 

to the same changes. The number of droplets in each cell in the f i r s t  

column can be determined from:

Np ( i . l )
y ( i . l )  Ac ( i , l )

•jTT r^(i ,1 ) V(i ,1)
+ M )  - Nc (i - 1,1) ] (7.40)

where y = the in it ia l wetness fraction - 0.03 kg^/kgs

Ac = the volume of the cell per unit of blade length

= 5 x 10“6 A x (i,j) m3/unit length of the blade length
3

p.p = the density of the water = 1000 kg/m 

v = the specific  volume of the wet steam 

r.j = the in it ia l droplet radius in metres

= the number of the droplets transferred into/from the cell due 

to diffusion and thermophoresis

Substituting y (i ,1 ), Aq( i' ,1 ) and p  ̂ in equation (7.40) gives

N p (i,l)
_3j.581 x 10" 11 Axl 2.»,.l) . + |-N m  + i j )  

v(i , 1) (i ,1 ) ‘ L
Nc (i U )  ]

(7.41)
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Starting from the known values of droplet size ( r ( i , l ) ) ,  wetness 

fraction (y (i,l))an d  the entry steam conditions, the droplet population, 

Phase change (normally evaporation) and the net motion from diffusion and 

thermophoresis are calculated for each cell sequentially out to the edge 

of the boundary layer. At each vertical position i ,  the net axial 

concentration between adjacent ce lls  is  calculated over the time step 

A t ( i , i I  = .AUav1-, and thus the droplet concentrations at the upstream faces
Sxp  »JJ

Of the cell (j + 1 , ( i , i + 1 . i + 2 ........i + n)) are obtained, therefore,

the number of droplets in the ce lls  of the remaining columns ( i.e . j > 1 ) 

can be written in the form

N ( i , 3 ) - Np(i,j - 1) + [ Nc(i + ^’3) ”  ̂  ̂ (7.41a)

The method used is :

1. In it ia lise  droplet size ( r ( i, l ) ) ,  pressure (p ( i, l) ) ,  velocity (u ( i, l) ) ,  

temperature (T (i ,1))» droplet temperature (T£( i, l ) ) ,  wetness fraction 

(y ( i, l) )  and the distance along the concave and convex surfaces (x ( i, l) ) .

2. Calculate the step length Ax(i,j) or step time A t(i,j).

3. Calculate the concentration in each cell in the f ir s t  column (from

the blade surface up to the edge of the boundary layer).

4. Calculate the rate of heat and mass transfer.

5. Calculate the new droplet size.

6. Calculate the movement of the new droplet due to diffusion and

thermophoresis.

7. Calculate the new concentration of the polydispersed droplets.
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8 . Calculate the mass-median diameter of the droplets in each cell

in the column in order to restore the monodispersion of the droplets.

9- The properties of the droplets and the steam upstream of the ce lls  

in the second column are calculated in points 1 to 8 .

10. Repeat 1 - 9 for each column (Ax(j)) to the exit of the blade 

passage.

For the set of droplets within each cell ( i , j )  inside the boundary 

layer the following quantities are calculated: droplet size, droplet 

temperature, droplet velocity, droplet concentration, rate of phase change, 

rate of heat transfer, droplet position as a result of the coupled effects 

of diffusion and thermophoresis and mass-median diameter of the population 

comprising the orig inal and immigrant droplets within a ce ll. The history 

of the changing group was traced until either a ll the droplets were 

evaporated or the residual population was discharged with the boundary 

layer leaving the nozzle. High accuracy can be achieved by subdividing 

the step length Ax into a number of smaller step lengths 6x, and the 

properties of the droplet and the vapour can be found by using the linear 

interpolation method within the large step length Ax.

7.5 The Computer Program and the Main Equations

There are two sim ilar programs for the concave and convex surfaces.

The difference between the two programs is the location of the droplet and 

the steam properties. The concave computer program has covered the study 

°f the droplet and vapour history along the entire length of the passage along 

the concave surface (0.3 < x/c .< 1.0), while the convex program has done so for 

the working length along the convex surface (0.1 < x/c < 0.6). Therefore 

an explanation of one of the two programs suffices to describe the 

variation in droplet geometry and properties inside the blade passage.
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The computer program (Appendix 7D) consists of many steps of calculations 

and i t  can be stated as follows:

1. Curve-fit for the calculated free stream velocity (U__):

In order to locate the flow properties along the concave and 

convex surface, the d istribution of the free stream velocity should be 

known. The values of the properties can be defined for any point along 

the x-axis by using the cubic-spline method. This method is  suitable for 

a complicated d istribution of any properties along the co-ordinates. The 

curve of the free stream velocity was divided into twelve small pieces and 

applying the cubic-spline method for each piece and the whole curve without 

loosing the continuity of the distribution. The summation error was in 

order of 5 x 10~3, and i t  is  very small and i t  may be considered negligib le. 

Special sub-routines from the computer library  in the University of 

Liverpool were used in this stage, (the detail in Appendix 7D).

2. Calculation of the flow-wise step length

The step length was chosen according to the d istribution  of the 

properties of the flow (p, T, U, . . ..  ). The gradient of the properties 

was changed slowly for the f i r s t  30% of the working length and changed 

rapidly for the remaining length up to the exit of the passage. Therefore, 

the step length was stated with a long step (4 mm) and reduced up to the 

point of rapid change in the flow parameters, to a length of 1.0 mm. The 

formulae and the derivation of the method were presented in section 5.5.

The equation governing the length of the step is

1 + Gp V
1 ♦  GpM9  J J

(Ng -  i ) 
GpAx(j) = (7.42)
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3. The distribution of the wall temperature

The temperature of the blade surface was assumed constant (131), 

but actually i t  is  variable along the concave and convex surface. The 

variation of the surface temperature is  due to the blade geometry and the 

velocity d istribution  which has an effect on the transfer of heat from the 

blade. The difference between the in le t and the ex it wall temperature 

was assumed to be 20% of the in le t wall temperature, since there is  not 

enough room for heating steam near the tra ilin g  edge. The wall temperature 

was determined from this equation:

V^To+Hw^-V 1 -
"W (7.43)

4. Calculation of the actual flow properties

The steam was assumed to be supersaturated. The flow diminished 

the in sta b ility  by the transfer of heat and mass between the two phases. 

The flow properties were affected by the amount of re lie f  of the super­

saturation which is  dependent on the droplet size ( fu ll deta ils in

 ̂ Therefore the actual condition of the steam at any point

along the working length was determined by using the following equations:

Tac(j) = Ti s (j) - *  (j) (V j)  '  Ti s ^ ) (7.44)

yac(J ) ^ e q ^

Cp(j)(Tc(j) - Tac(3))
(7.45)

' “ s p in » » .
= - 293 Cp(j)

OSS

. V «  - T« c U \  . - Tac»>->
l0 % (1 + ------ 1 7 m --------> + ----------

(7.46)
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5. Calculation of the heat flux from the blade surfaces

The transfer of heat from the blade surface to a dry flow was 

calculated f ir s t .  Then the modification of the heat flux due to 

evaporation or condensation was done during the rest of the program.

A modification to Stanton number due to high acceleration of the flow was

made at th is stage. The main equation used for the calculation of heat 

flux is  as follows:

The denominator of equation (7.47) was integrated numerically using the 

trapezoidal method. The sub-routine for numerical integration was selected 

from the Computer Library in the University of Liverpool.

6 . Boundary layer calculations

The flow was assumed adiabatic and the curvature of the blade

compared with the thickness of the boundary layer was neglected. The

Head entrainment method was used to calculate the boundary layer characteristics.

T. . . , , . . . r t .ir, d ifferential equations and three algebraicI t  is  simply the solution of two aiTTerei««. a M

e9uations; these equations are:

S t (j )  =

0.25 0.2
0.0295 (Tw(j) - T J j))  y (j)

(7.47)
1 T57?

C O T  Ax(j) /
6 (j)  Ì

(7.48)

(7.49)

-0.6169 (7.50)
CE(j) = 0.0299 (H-,(j) - 3)



191.

f^TTT + ‘ ° '4) '  °'9 (7.51)

H(j) = 1 + 1.12 ^ ( j )  - 2 - / ( ^ ( j )  - 2 )Z - 3

,0.915

(7.52)

The five main equations were solved numerically by using Runge-Katta 

method. The method is  well established. The velocity d istribution  

through the boundary layer is  determined by the following equations:

( i ) Inside the boundary sub-layer

u ( i, j )  = u*(j) y+( i , j ) (7.52a)

( i i ) Outside the boundary sub-layer

u ( i. j )  = K*(j) 2.5 £n «I y+(i ,j) - 5.3^ + 5.50927 (7.52b)

7. Dividing the boundary layer into rectangular ce lls

The flow-wise length of the cell was determined in stage 2 and the 

height is  set in this stage and is  5.0 pm. The ce lls  are stationary in 

the flow and each one contains a group of monodisperse droplets. The 

temperature and the velocity of the flow inside each cell were taken as 

the average of the temperatures and velocities at the boundary of the ce ll.

8 . Calculation of the rate of diminishing or growth of the droplets in 

each cell

The reduction or increase in the droplet size is  dependent on 

whether the vapour temperature is  higher or less than the droplet temperature 

(saturation temperature at local pressure). The rate of evaporation or
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condensation is  determined by the following d ifferential equation,

5.0 Kn(i.j) ps (j)

uav( 1 >J) D  + 2 - 7 Kn(i> j)] yr̂ cnsr srjJT (7.53)

and the variation of the wetness fraction was determined from,

y( i . j )  =
4188.8 N (i ,j) r ( i , j ) '

Pq(j) Ac( i , j ) (7.54)

The rate of mass transfer from or to the cell is  calculated from,

- ^ ( i . j )  umU ) Pg (j) (7.55)

and the rate of heat transfer from or to the cell is  calculated from,

hfg (j) (7.56)

9. The probability of droplet co llis io n

I f  the droplet moves a distance exceeding the inter-space distance 

between two droplets, then co llis ion  w ill take place. Therefore, the 

main equations are:

(a) The apparent (droplet) mean free path was defined by the expression,

-11 /  v j j
£B( i , j )  = 3.609 x 10 ---- --------------- - (7.57)
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(b) The inter-space distance between the adjacent droplets was determined by,

1/3

Dp(-iJ) = 18.0 r ( i , j )  j  y ( i , j / p a(jT  }  (7.58)

Thus, i f  (J i) ( i, j )  > 1.0 the collision must occur, otherwise there is no
p

collision between the droplets.

10. Calculation of diffusion coefficient and thermophoretic velocity

The size of the droplets is  within the molecular and transition  regions, 

therefore Brownian d iffu s iv ity  is  a considerable term. The diffusion  

coefficient was calculated from,

D (i,j)  =
k T(i ,j) {1 + Kn(i,j)(1.558 + 0.173 exp (- 0.769/Kn(i,j)))}

T 0 5  r ( i , j )  yg ( j )
(7.59)

The thermophoretic velocity which opposes the diffusion toward the wall, 

and can be determined from the equation which covers the whole range of 

Knudsen number, can be written as

2Csv<t̂ + 2Ct + 2 Kn(1>j)lA+B exp< w ^ ) }l '- f (1-J>>
V i  J> ■ ------- -----------------------------¡035-------------------------------------------------

(1 + 6 CmK n ( i, j ) ) ( l  + 2 T H 3 y + 4 Tav( i . j )

(7.60)

11. Calculation nf the net d iffusive velocity due to Brownian motion, 

eddy d if fu s iv itv  and thermophores is

When the droplets subjected to a phase change are moving, at the 

mean time they have a net velocity due to Brownian d iffusion , eddy diffusion  

and thermophoresis. The group of droplets has a centre of movement
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which is  located on the centre of the ce ll. The moved distance of the 

centre determines the number of the droplets which move to the adjacent 

ce lls. The governing equatiorrof the net velocity was written in the form,

(7.61)

The integral term was solved numerically and the eddy d iffu s iv ity  (v iscosity ) 

was determined by using Van Driest model,

The range of calculation is y ( i)  = 0.0 to y ( i)  = 6 for each Ax(j) along 

the concave and convex surfaces.

12. Calculation of the new size of the droplets

The droplets in the ce lls  of the second column w ill be poly- 

disperse in size and a new concentration due to the effects of phase

(7.62)

(7.64)

change, diffusion and thermophoresis on the droplets in the ce lls  of the 

f i r s t  column. The polydispersion in the droplet size is  not very high 

since the immigrant droplets come from the adjacent ce lls . To obtain
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monodispersion of the droplet size in the ce lls  of the second column, a 

mass-median diameter was found for each group of droplets in each ce ll.  

This s ta t is t ic a l analysis is based on a Hatch-Choate expression and 

auxiliary equations:

(a) The Hatch-Choate equation for a mass-median diameter is ,

log(dgJ( i, j ) )+  10.362 {log (SDG( f , j ) ) } (6.65)

(b) Geometric standard deviation,

SDG(i ) = 10

’EN- dog (d( i ,j )) - log (d g ( i, j ) )}  
--------------- 3 T ------------------------------- (6 .66)

where d g ( i,j)  = 10

ENp log ( d ( i , j ) )

— m ~ ~

13. P lotting the results

There are no numerical results presented in th is work. A ll the 

results were plotted either along the length-wise (horizontal) x-axis or 

the vertical y-ax is. The plot program w ill not be shown in Appendix 7D 

since i t  is  standard and i t  is  very long for presentation.

7.6 Range of the Calculations

The calculations of the variation of the droplet parameters were 

made for flows along the concave and convex surfaces of a steam turbine fixed 

blade. The results have been obtained for the following ranges of parametric 

variables for the droplet and the vapour:
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1 * Droplet size

Nucleation produces very small droplets in the range of 0.01 - 1.0 ym 

diameter. Five sizes were selected, within this range, for entrained entry 

droplets, d̂  equal to 0.01, 0.05, 0.1, 0.5 and 1.0 ym.

2. The temperature of the blade surfaces

The surface temperature along the concave and convex surfaces w ill

be non-uniform, since the flow velocity increases considerably towards the

tra ilin g  edge. Thus the blade surface temperature w ill decrease along both

blade surfaces. The in it ia l surface temperature (twi) can be adjusted for

the present calculations. Five values of t . have been set between

66 - 85°C, viz. 6 6 , 70, 75, 80 and 85°C for heating. In some cases t .
wi

is set to be equal to and less than the adiabatic temperature in order to 

find the deposition rate of the droplets when,

( i)  the blade is  unheated,

( i i )  the suction slot method is used for blade surface drainage.

3. Droplet path height

The changes in the vapour and droplet characteristics along the 

stream lines (droplet paths) adjacent to the blade surface are greater than 

those along paths far from the surface (y > 100 ym). Therefore, seven levels 

of height, y equal to 20, 25, 30, 40, 50, 100 and 170 ym from the convex 

surface and 20, 25, 30, 40, 50, 100 and 280 ym from the concave surface 

have been selected.

7.7 Limitations of the Mathematical Model

The present calculation method is  valid  for a certain range of 

properties and conditions of droplets and vapour. The method can be made
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more general by introducing new parameters and new boundary conditions.

This can easily  be done since the computer program is  not complicated and 

has been developed in sections. The calculated results are obtained from 

the present method assuming the following conditions:

1. The flow of the steam inside the passage is  one-dimensional and 

turbulent.

2. The temperature of the blade surface must not fa ll  below the local 

free stream temperature for heat transfer calculations.

3. The fog droplets in the wet steam mixture are either monodispersed 

or can be represented by a suitable average radius.

4. The diameter of the droplet inside the flow must not be greater 

than 2 .0  ym.

5. There is  no s lip  between the droplet and the surrounding vapour.

6 . The effect of the rotation of the droplet on it s  movement is  not 

sign ifican t.

7. The vapour phase behaves as a perfect gas.

8 . No second nucleation occurs.

9. Re-entrainment of the liqu id  phase does not take place.

10. Droplet interaction is not taken into account.

7.8 The Theoretical Results

The study of the variation in the vapour and droplet parameters 

due to the changing blade surface temperature produces a very large number 

of results. Only the plots which are considered necessary to give a 

clear picture of the situation with the droplets inside the boundary layer 

are presented here. In some cases the results for only the lowest and
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highest blade surface temperatures are presented in order to re str ic t the 

size of th is thesis.
*

At the in le t to the passage, five droplet sizes (0.01, 0.05, 0.1,

0.5 and 1.0 ym diameter) have been used for each value of the in it ia l blade 

surface temperature (t • = 6 6 , 70, 75, 80 and 85°C). Therefore, twenty- 

five cases have been considered in order to cover a ll the possible conditions 

in the actual steam turbine. However the results of droplets with a 

diameter of 0.01 ym are not shown, since complete evaporation always occurs

at t  . > t  .wi o

Figures 7.26 and 7.27 show the d istribution  of the temperature 

difference between the vapour and droplet (Atg f ) through the boundary layer.

A positive value of Atg  ̂ (Atg.p = tg " t f )  means evaporation is  occurring 

whilst a negative value indicates condensation.

The history of the change in the droplet size inside the boundary 

layer, due to heating, along both blade surfaces is  shown in Figures 7.28 - 

7.47. Five droplet paths at y equal to 30, 40, 50, 100 and 280 ym along 

the concave surface and at y equal to 30, 40, 50, 100 and 170 ym along 

the convex surface were selected. Figures 7.48 and 7.49 display the 

distribution of the droplet size through the boundary layer (i.e . across 

the stream lines) for in it ia l droplet sizes of 1.0 and 0.5 ym.

The values of the local wetness fraction, along the stream lines, 

inside the boundary layer along both blade surfaces are plotted in 

Figures 7.50 - 7.69. The location of the droplet paths from the blade 

surfaces, along which the wetness fraction is  calculated, are the same as 

those for droplet size in Figures 7.28 - 7.47. The distribution of wetness 

fraction along the y-axis can be seen in Figures 7.70 and 7.71 for entrained
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droplet sizes of 1.0 and 0.5 ym.

Figures 7.72 - 7.91 show the mass transfer between the droplet 

and the surrounding vapour along the concave and convex surfaces. The 

mass flux is  calculated for a group of identical droplets inside the 

boundary layer ce ll.  The calculations were made along five droplet paths, 

y equal to 2 0 , 30, 50, 100 and 280 ym along the concave surface and 

20, 30, 50, 100 and 170 ym along the convex surface. The increased or 

diminished droplet mass through the boundary layer is  shown in Figures 

7.92 and 7.93.

The variations of the local thermophoretic velocity (VT) of the 

droplet along three stream lines (y equal to 50, 100 and 280 ym along the 

concave surface and 50, 100 and 170 ym along the convex surface) inside 

the boundary layer can be seen in Figures 7.94 - 7.116. For in it ia l  

surface temperatures greater than the adiabatic temperature, the values 

of Vy have been plotted in Figures 7.94 - 7.114. For t .. about equal to 

or less than the adiabatic temperature, the values of Vy are shown in 

Figures 7.115 - 7.116.

Figures 7.117 - 7.122 show the d istribution  of Knudsen number (Kn), 

diffusion coefficient (D) and dimensionless relaxation time (x +) along 

the y-axis on the concave surface. The sizes of the entrained droplets 

are 1.0 and 0.5 ym and the values of tw- are 66 and 85°C.

The net deposition velocity ( V ^ )  which is  due to combined effect of 

thermophoresis and diffusion is calculated along both blade surfaces.

The values of V  ̂ along three droplet paths inside the boundary layer are 

plotted in Figures 7.123 - 7.145. Figures 7.123 - 7.143 show the values 

of Vnet when t . £ 66°C, whilst Figures 7.144 and 7.145 display the values
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of Vnet along the concave surface when the in it ia l surface temperature is  

equal to 64, 64.5, 65.0, 65.2 and 65.5°C. The variation of the local values 

of Vnet along the y-axis on the concave surface when dn- is  equal to 1 .0  

end 0.5 ym are plotted in Figures 7.142 - 7.145.

The values of the rate of deposited water on the concave and convex

surfaces when the blade surface temperature is about equal to or less than

the adiabatic temperature, are displayed in Figures 7.146 - 7.153. Two

curves can be seen along both blade surfaces, one for the d istribution  of

the local rate of deposition and the other for the accumulated value of

the rate of deposited mass of the droplets. The value of the rate of

2
deposited mass is presented in yg/cm /h.

Figures 7.154 - 7.193 show the interface line between the fog cloud 

and the dry steam due to heating the concave and convex surfaces of the 

fixed blade. The local values of the boundary sublayer thickness are also  

plotted to enable a comparison with the thickness of the dry region.

7.9 Discussion of the Theoretical Results

After the nucleation, the steam is  no longer pure vapour, but 

contains a fog which consists of very small droplets (0.01 - 1 . 0  ym 

diameter). I f  th is fog is  subjected to a progressive expansion along the 

unheated blade water w ill precipitate onto the interface by condensation 

of the vapour since the surface of the fog droplets is  the only one available  

for the transferring of heat and mass between the two phases. The amount 

of deposited condensate is  mainly dependent on the total area of the blade 

surface and the temperature difference between the two phases. The exchange 

of mass and energy takes place as soon as the deviation from thermodynamic 

equilibrium occurs. The adverse effects of the fog droplets in the steam
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turbine are due to:

1. Their presence as the starting point of the erosion process.

2. The increase in the thermodynamic losses.

3. The increase in the aerodynamic losses.

4. The production of the electrostatic charge on the blade and on the 

main turbine shaft.

The present heating method may be the only one by which these effects 

can be prevented or reduced. I f  the blade surface is  heated to a temperature 

above the saturation temperature, thermodynamic equilibrium can be recovered 

only when the mass of the droplet reduces and the latent heat transfers 

from the vapour to the droplet. I f  the size of the droplet reduces below 

the c r it ic a l size, the droplet w ill be naturally evaporated completely.

The temperature difference between the two phases (Atg f ) can 

define the direction of the transfer of mass and heat between the vapour 

and the droplet. I f  A t ^  is  negative i t  means the flow is supersaturated 

and condensation is the way to restore equilibrium. However, i f  i t  is  

positive i t  indicates that the vapour is  hotter than the droplet and evaporation 

is  required to obtain thermodynamic equilibrium between the two phases. The 

values of At - when the in it ia l surface temperatures are 66 and 85°C and the
gf

size of the entrained droplets are in the range of 0.01 - 1 . 0  pm diameter, 

are plotted in Figures 7.26 and 7.27. When the in it ia l size of the droplet 

is l . o  pm and t . equals 85°C, the value of At f  along (* /c )concave > 0.59 

becomes negative at y > 50 pm. However, when the in it ia l size of the 

droplet decreases the region of the negative At .p (condensation) decreases 

until i t  becomes zero i f  the droplet size is  equal to and less than 0.01  pm. 

Therefore, with the smallest size of droplet, the transfer of heat and mass
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between the droplet and the vapour i s  controlled by evaporation only, as 

long as t  . >, t  (Figures 7.26e and 7.27e). I f  t . reduces to 66 C,

Atgf becomes negative at (x/c)concave i  0.37 and y > 40 ym when the in it ia l  

droplet size is  1.0 yin. Therefore, one can conclude that the region of 

condensation (negative Atg.f) or that of evaporation (positive Atg^) is  

dependent on:

1. The size of the entrained droplet. Larger droplets increase the 

condensation region, for the same value of t^ .  (Figs. 7.26a and 7.27a).

2. The temperature of the blade surface. Higher temperatures give a 

greater region of evaporation (when the size of the droplet is  the 

same), th is can be seen by comparing a ll  the plots in Figure 7.26 with 

those in Figure 7.27.

Figures 7.28 - 7.47 display, for various values of y (vertical 

distance), the variation in radius of a set of droplets with in it ia l diameters 

of 1.0, 0.5, 0.1 and 0.05 ym.during the x -transit of the concave and of the 

convex boundary layers. For each size of the entrained droplet five in it ia l  

temperatures for the blade surface were used (6 6 , 70, 75, 80 and 85°C).

Droplets inside the ce lls  adjacent to the heated blade surfaces are seen to 

evaporate completely and th is can be confirmed from the results in 

Figures 7.48 and 7.49. More remote droplets on both surfaces evaporate by 

varying degrees but some droplets which are far from the surface survive and 

grow as the nozzle exit is  approached, since Atgf becomes negative as a 

consequence of the diminishing core flow temperature. From the five stream 

lines, along which the size of the droplet are traced on both blade surfaces, 

for t . increasing from 66 to 85°C and for a constant in it ia l droplet size (d .), 

H  can be observed that:
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1 . decreases substantially along the stream lines which are 

close to the blade surface, since At f  is  positive and at it s  

maximum.

2. The rate of evaporation is  always greater than the rate of 

condensation.

3. The reduction in the size of a droplet along the convex surface 

is  always lower than that along the concave surface. This is  

because,

( i)  the laminarisation region on the convex surface is  greater;

( i i )  the flow velocity is  higher along the convex surface.

4. For d. > 0.1 pm, the change in the droplet size is  not s ign ifican t  

when the path of the droplet is  at y > 280 pm along the concave 

surface and when i t  is  at y >170 pm along the convex surface as 

shown in Figs. 7.28 - 7.39.

5. For d. ^ 0.1 pm, the rate of evaporation or condensation is  very 

high, even though At f  is  low, since the total droplet surface

area is  very large, (Figs. 7.40 - 7.47). The in it ia l total surface

area of the droplets (per unit mass of the steam and per unit length
2

of the blade) for di = 1 . 0  pm is  180 m and for d̂  = 0.1 pm is  

1800 m2 when the in it ia l wetness fraction is  equal to 0.03.

Figures 7.48 and 7.49 give a satisfactory picture regarding the 

variation of the droplet size through the boundary layer, at constant x, - 

along the concave surface. The decrease (evaporation) or the increase 

(condensation) in the droplet size occur smoothly, since the At f  and 

u(y) d istribution through the boundary layer is  smooth. The distribution  

of droplet radius along the y-axis on the heated surface can be formulated
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in a simple f it t in g  formula, as follows:

1/4

where 6 = the thickness of dry regionev

6 = the thickness of the boundary layer.

The local values of wetness fraction (y) change very rapidly 

particu larly when the in it ia l size of the droplet is  less than 0.5 ym 

and greater than 0.01 ym as shown in Figures 7.50 - 7.69. By arranging

for the nucleation to occur when the expansion rate (p) is  maximum the

droplets produced w ill be very sm all, therefore, i t  was believed that the 

contained water would be less and hence the quantity of deposited water 

would be reduced from which the erosion on the rotor blade could be expected

to be reduced. In fact, only the f i r s t  part of the statement about

creating small droplets when p is high is  s t r ic t ly  true, the remainder of 

the statement is  correct only when the size of the created droplets is  less 

than 0.05 ym (Figures 7.65 - 7.69). However, when the nucleation generates 

droplets having a size greater than or equal to 0.05 ym, in the la s t  stage of 

unheated blade, the situation is  as follows.

1. The supersaturation is  not fu lly  relieved inside the blade passage. 

Therefore, for constant in le t wetness fraction y. = 3%, i f  d. 

reduces and At f  is  negative, the local wetness fraction is  increased 

dramatically to more than three times y .  as seen in Fig. 7.60.

Thus, when the blade is  uriheated the worst situation is  when 

d.j ^ 0.1 ym.

2. The number of the generated droplets increases very rapidly, i.e .  

the total surface area of the droplets is  increased, (e.g. the total
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droplet surface area increases about 20 times when is  reduced 

from 1.0 pm to 0.05 pm). Thus when At f  is  negative there is a 

large surface area for heat to transfer from the droplets to the 

vapour and a very large amount of condensed vapour precipitates 

onto the droplets.

3. The advantages of creating small droplets are only realised when

the heating method is  used. This is  because when the value of At f  

is  positive, or nearly equal zero, the effect of the droplet surface 

area w ill increase the rate of evaporation or reduce the rate of 

condensation. Therefore, a very small value of At f  (positive) 

is  su ffic ien t to create a dry region on the blade surface as shown in 

Figs. 7.55, 7.60 and 7.65.

4- The smaller the size of the droplets the lower are the thermodynamic 

losses due to supersaturation. Therefore, the generation of small 

droplets (d > 0.01 pm) has a number of both advantages and 

disadvantages. A superposition of the two effects is  necessary 

to find the optimum size of droplets which should be obtained from 

the nucleation.

The variation of the local wetness fraction along the vertical axis 

at five  positions on the concave surface is  shown in Figures 7,70 and 7,71. 

The value of the wetness fraction at y adjacent to the wall is  very small 

and in most cases i t  is  zero; i t  then increases very rapidly at y far from 

the surface, since here the rate of evaporation is  very low or zero and in 

some cases, condensation occurs (Fig. 7.71).

The local rates of mass transfer between the droplets and the vapour 

inside the boundary layer on the blade surfaces are displayed in F ig s .(7.72 to 

7 .9 3 ). The maximum rate of mass transfer (evaporation) always occurs at the
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entrance of the blade passage for a very short distance. Further into 

the passage the rate of evaporation or condensation for d̂  > 0.05 ym 

changes slowly, or in some cases, is zero due to the complete evaporation 

of the droplet or due to Atgf  = 0.0. The reasons for this are that at the 

entry of the blade passage the total surface area of the droplets is  maximum 

and At f  > 0.0 inside the boundary layer,as shown in Figs. 7.72 - 7.81.

The net accumulative value of mass transfer along the concave and convex 

surfaces at y ^  100 ym is  always equal to or greater than zero for a ll 

sizes of entrained droplets (d  ̂ > 0.01 ym) and when tw- > tQ. However at 

y > 100 ym, the net accumulative mass change is  either equal to or less 

than zero. I f  the in it ia l size of the droplet is  in the range of

0. 05 ^ di ^ 0.1 ym and the droplet is  far from the blade surface (near the 

edge of the boundary layer), and i f  A t^  is  very small at the entrance and 

less than zero further down, then the rate of condensation increases rapidly 

until shortly before the exit, as seen in Figs. 7.82 and 7.87. The reasons 

for this are:

1. The evaporation along a very short distance from the entrance causes 

only a very small reduction in the droplet size. Therefore, the 

change in the total surface area is  not sign ifican t.

2. Xhe remaining droplets are subject to A t^  < 0.0 at x/c > 0.45 

along the concave surface and at x/c > 0.15 along the convex surface 

until the throat of the passage.

3. Beyond the throat, the supersaturation is  quickly relieved and hence 

the temperature difference between the droplet and the vapour is  

reduced and in some cases is  reduced to zero.

The change in the droplet mass along the y-ax is at five positions 

along the x-axis on the concave surface is  shown in Figs. 7.92 and 7.93. I t
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can be observed that at the entrance to the blade passage there is  a 

considerable decrease in the droplet mass along the y-ax is. From a short 

distance after the entrance until the exit, the increase or decrease in the 

mass of the remaining droplets is  not sign ifican t along the y -ax is, since 

At f  is  very small at these positions when the droplets exist.

The transfer of enthalpy between the droplet and the vapour is  

the latent enthalpy which is  transferred from the droplet when Atgf is  

negative and accepted by the droplet when Atg.p is  positive. The value of 

the increase or decrease in the latent enthalpy of the droplet is  calculated 

from the change in the droplet mass and h^g ,

Qg f (i >j) = hfg (j)

The value of h* is  dependent on the value of the pressure. The pressure
fg

of the mixture flow is  reduced from 0.233 bar to 0.1 bar and the corresponding

values of h. are 2392 and 2350 kJ/kg. The reduction in the value of hf  
fg a

is  very small (about 1.75%) and i t  can be taken as constant. Then the 

variation of Q f  is  a function of mr only, so that the behaviour of the 

change of droplet enthalpy along the x and y-axes on both blade surfaces 

is  the same as that for mr .

The d istribution  of the local thermophoretic velocity along three 

stream lines inside the boundary layer of the concave and convex surfaces 

are shown in Figs. 7.94 - 7.116. I t  is  seen that droplets trave lling near 

the wall acquire a higher thermophoretic velocity (F igs. 7.94 - 7.103).

For each surface the three curves are sim ilar in form but Vy varies in 

magnitude with y. On the convex surface the curves r ise  slowly up to about 

x/c = 0.3 w hilst on the concave surface they rise  slowly to about x/c = 0.7 

i t  the in it ia l  droplet size is  in the range of d. £.0.5 pm. The rapid increase
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in VT thereafter (0.3 < x/c < 0.54 along the convex surface and

0.7 < x/c < 0.94 along the concave surface) is  due to an increase in the

droplet size by condensation coupled with a r is in g  temperature gradient

(ijl) . i f  the diameter of the entrained droplets (di ) is  equal to or

le ssXthan 0.1 pm (F igs. 7.104 - 7.112) the change in the value of Vy along

both surfaces is  always slow except for a small fluctuation at the throat

due to a very rapid increase in ( ^ )  . The reduction in VT after the

throat is  a result of very fast re lie f of the supersaturation which causes

a rapid reduction in ( i - )  .
y x

When the blade surface temperature is  constant and five sizes of

the entrained droplets are employed, i t  can be seen that the value of VT

Tails with the decreasing size of the droplet. This can be noticed by

comparing the three curves on each surface in Figs. 7.94, 7.99 and 7.104

for t . = 66°C or in Figs. 7.95, 7.100 and 7.105 for twi = 70°C and also

for t  . = 75 80 and 85°C. The variation of VT along the y-axis for a
wi *

droplet, d. =1 .0  or 0.5 ym, on the concave surface is  plotted in 

Figs. 7.113 - 7.116. The positive values of Vy obtained when tw- < tQ 

along a very short distance of y from the surface, are due to the values of

( ^ )  being positive. However, when *  tQ or at y far from

the surface in the case of twi < tQ, the thermophoretic velocity acquires 

a negative value (i.e . away from the surface) or a zero value. Furthermore 

i t  can be observed that the droplets near to the surface have a low 

thermophoretic velocity despite ( ^ )  being a maximum since the size of the 

droplets are reduced rapidly as the result of evaporation. However, droplets

Tar from the surface which are larger than those adjacent to i t ,  have a 

high thermophoretic velocity even though the temperature gradient ( ^ )  is  

very low. The local value of VT is  nearly constant at y far from the surface; 

The reasons for th is are:



1. The local value of Knudsen number (Kn) at y far from the surface 

is  constant for each position on the x-axis, as shown in 

Figs. 7.117 and 7.118.
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The distributions of the diffusion coefficient (D) and the 

dimensionless relaxation time ( t  +) at five values of x along the y-axis 

are plotted in Figs. 7.119 - 7.122. There is  a sudden increase in the 

value of D at the interface line between the droplets and dry regions, th is 

is followed by a rapid decrease to an almost constant value as seen in 

Figs. 7.119 and 7.120. The fluctuation in the local value of D is  a result 

of evaporation, since D is  increased by decreasing the droplet size. The 

size of the droplet at the interface line is  the smallest size and therefore 

the greatest value of D always occurs at that line. The variation in the 

droplet size at y far from the surface is  very small and hence the change 

in the value of D at that y is  not s ign ifican t and D may be considered to 

be constant. The height of the fluctuation is  dependent on the rate of 

evaporation, i.e . on the blade surface temprature; when t . decreases theW1

length of the fluctuation decreases until i t  reaches a minimum at t . equal
wi

to the adiabatic temperature.

The value of Tr+ along the y-axis is  proportional to d2, since

u*> v and p are constant at constant x. Therefore the behaviour of the 
9

curves of t^+ (Figs. 7.121 and 7.122) are the same as those of the droplet 

Radius (Figs. 7.48 and 7.49). In the present work the relaxation time is  

based on Stokesian drag only.

The net deposition velocity (Vnet) is  mainly dependent on the 

tbermophoretic velocity, the diffusion coefficient, the eddy d iffu s iv ity  and
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the relaxation time ( i f  the size of the droplet is  large (i.e . d > 3 urn)).

The local values of Vnet along three droplet paths on both blade surfaces

are plotted in Figs. 7.123 - 7.141. The size of the droplets in the

present work cannot exceed 2.0 um, so that the effect of relaxation time

can be considered as in sign ificant. To sim plify the analysis of the variation

of V alonq the x-axis, the boundary layer can be divided into two regions: 
net 3

I* Far from the blade surface (y > 100 pm)

The value of D is nearly constant, therefore the change in V .net

values are due to the variation of Vy and Cp values only. The local values 

of along the upper curves on both blade surfaces (i.e . at

^concave = 280 ym and yconvex = 170 yn) are nearly Zero for ^ x/c = 0J5  

from the entry, since:

1. The flow is  laminarised (i.e . the values of cp are reduced).

2. Thermophoretic velocity is  increased due to increasing the

droplet size and increasing the temperature gradient.

When the eddy d if fu s iv ity  (ep) increases (i.e . the laminarisation factor 

decreases) V increases until shortly before the throat of the passage even 

though VT increases because the eddies of the turbulent flow become stronger 

and appear to be the dominant effect on the movement of the droplet. At 

the throat V is  rapidly decreased since the flow is  suddenly laminarised; 

th is is followed by a steep increase in Vnet shortly after the throat when 

the flow becomes turbulent. The reduction in Vnet for a distance of

x/c . 0.05 before the exit is  a resu lt of the rapid decrease in  c This
du

. .. Horrpase in Furthermore the value of VT alsois due to a corresponding decrease <jX 1

decreases. When the surface temperature increases the local value of Vnet

increases (seen by comparison between Figs. 7.123 and 7.138).

to:

This is  due
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1. The local values of Vy are decreasing when the droplets are 

subjected to evaporation rather than condensation.

2. The values of £p in the two figures are the same, therefore 

thermophoresis is  the most influential effect.

I I . Near to the blade surface (y < 100 pro)

When the droplet path is very close to the interface line between

the wet and dry regions, the droplets have a minimum possible size and

therefore a maximum value of diffusion coefficient (D). The values of Vy

may also be high due to a high temperature gradient. Although the values

of e are not as high as those at a distance far from the blade surface this 
P

s t i l l  appears to be the dominant factor, since:

1. The effect of the possibly high value of D w ill be opposed by the 

effect of a high value of Vy.

2. The boundary sublayer is  thinning along the x-axis and it s  thickness 

is  very small, therefore, the values of ep are not very small when 

the droplets are outside the boundary sublayer.

For each surface the three curves are sim ilar in form but Vnet varies in 

magnitude with y. When the values of Vnet become zero no net force acts 

and the droplet moves parallel to the surface loca lly  or complete 

evaporation occurs.

The local values of Vnet at y far from the surface are nearly 

constant since the change in the droplet size, the temperature gradient, 

the diffusion coefficient and the eddy d iffu s iv ity  are not considerable. 

However, the variation of Vnet close to the wall is  defined by the change 

in D and Vy as shown in Figs. 7.142 - 7.145.
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The values of V . along the concave surface are always greaterMC U

than the corresponding values on the convex surface since along the 

concave surface is  higher than that along the convex surface.

When the blade surface temperature is about equal to or less than 

the adiabatic temperature as occurs in the case of an unheated blade or 

when a suction s lo t drainage method is  employed, deposition of droplets 

on the surface w ill take place. The rate of the deposition is  a function of 

droplet size, blade surface temperature and the expansion rate of the flow. 

When the in it ia l size of the droplet is  maximum (i.e . droplet diameter 

equal to 1.0 pm.in the present work) the d istributions of the rate of the 

deposited mass of the water when the blade surface temperature is equal 

to 64, 64.5, 65.0, 65.2 and 65.5°C are shown in Figs. 7.146 - 7.150.

There are two curves along each surface one for the local value of the 

deposition rate (dashed curve) and the other for the accumulated value 

(so lid  curve).

The deposition rate is  equal to the average concentration of the

droplet (yg/m3) multiplied by the net deposition velocity (Vnet). The

change of the droplet concentration along the x-axis is  very small, therefore

the variation in the value of the rate of deposition is  due to the change

in V alona the x-axis. The mass of the deposited water increases by 
net 3

decreasing the temperature of the surface (Figs. 7.146 - 7.150) since:

1. The (V ) is  decreasing and in the case of very low surface 
 ̂ av

temperature (i.e . t less than the free stream temperature) Vy 

becomes positive (i.e . towards the surface). Thus the two 

factors, diffusion and thermophoresis, combine to force the droplet 

to deposit on the surface (i.e . increase Vnet) in the case of

V x) < t J * ) *
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2. The free stream concentration of the droplets (yg/m^) increases 

as a result of additional condensation.

The local and accumulated values of the rate of deposition increase 

along both blade surfaces when t < tQ as shown in Figs. 7.146 and.7.147. 

However, when t y  t the local value of the deposition rate becomes zeroW o

after a short distance from the entry along the concave surface as a result

of evaporation, whilst along the convex surface, i t  increases until the exit

of the passage (Figs. 7.148 and 7.149). This phenomenon has been observed

experimentally by Gyarmathy and Meyer (141) inside a Laval nozzle when they

noticed a dry region above the nozzle surface along the divergent section.

I f  t = t + 0.3, the local values of the deposition along both surfaces w o

become zero after a very short distance from the entry as shown in Fig. 7.150. 

The total deposited mass is  decreased by increasing the surface temperature

and i t  becomes zero when t > t + 1.0.w ^ o

The quantity of deposited water when tw < tQ along the concave surface 

1s greater than that along the convex surface. The maximum value of the 

local deposition rate occurs near to the tra ilin g  edge (Fig. 7.146). I f  

The temperature of the surface is  set to be equal to 32°C, as may occur when 

the pressure inside the hollow blade is  equal to the condenser pressure 

(0.05 bar), the local and total deposition rate of droplets of 0.1 ym are 

heater than those of droplets of 0.5 ym and those of droplets of 1.0 ym 

(Figs. 7.151 - 7.153). This is  due to the difference in the rate of growth 

of the droplet which is  higher in the case of 0.1 ym droplets. Flow with 

^ op le t diameters less than 0.1 ym may reach thermodynamic equilibrium  

quickly and therefore there is  no chance for the droplet to grow. Thus 

9enerating small droplets (0.1 < d. < 1.0 ym) w ill reduce the supersaturation 

losses but may increase the erosion of the rotor blade due to increasing the 

dePosited water on the surface of the fixed blade.
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Figures 7.154 - 7.193 are drawn to provide a visual indication of 

the location of the fog "cloud base" (dashed curve) as the nozzle passage 

is  traversed. Fog droplets existing "above" the cloud base are shown 

conventionally as dots. The clear space immediately above the surface 

implies the absence of droplets and therefore of d iffusive  deposition and 

the shape and extent of th is space profile  depends upon the in it ia l size of 

the droplet and the rate of heat input. I t  also d iffers for given conditions 

whether the surface considered is  convex or concave. On each surface, i f  

the surface temperature is constant, the interface line (cloud base) is  located 

more distant from the surface i f  the in it ia l size of the droplets decreases 

(e.g. see Figs. 7.154 - 7.157). I t  is  also clear that for constant di , 

the thickness of the dry region increases with the increasing of the surface 

temperature, e.g. Figs. 7.154, 7.162, 7.170, 7.178 and 7.186) when

= 1 .0  pm. Clearly the theoretical minimum heat input is  that required 

to l i f t  the cloud base marginally from the entire blade surface from entry 

to the passage onwards to it s  exit. In the present work, the practicable 

surface temperature and minimum heat input is  that when the thickness of the 

dry region is  about that of the boundary sublayer. This occurs when 

t . = 80°C as shown in Figs. 7.162 and 7.166.
W1

Furthermore, the effect of generating dry region on the fixed blade 

surface may extend beneficially  in the improving of the rotor passage 

efficiency by preventing the generation of coarse water from the fixed blade 

surface and re la tive ly  reducing the wetness fraction due to heating. Thus, 

internally heated blade w ill result in:

preventing erosion of the rotor blades,

2. reducing thermodynamic and aerodynamic losses in the L.P. turbine.
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7.10 Prediction of the Rate of Deposition of So lid  Particles and a

Comparison Between the Theoretical and Experimental Results

The theoretical model has been modified to calculate the rate of 

deposition of a so lid  particle. The change was made by removing the 

evaporation term. The size of the particle and the d istribution  of the 

particle concentration inside the blade passage were given in Chapter 4.

The temperature of the surface and the velocity of the flow are the only 

factors which control the rate of deposition, since the size of the so lid  

particle is  constant. Therefore, the results of deposition can be divided 

into two groups: on an unheated surface and on a heated surface. The 

calculations were made for the particle deposition on the concave surface only.

7.10.1 Results of particle deposition on an unheated surface

The flow conditions and the particle  properties are the same as those 

given in Chapter 4 in the present thesis and also given by Davies (4) 

and El-Shobokshy (37). Three in le t velocities 13.0, 11.2 and 9.5 m/s were 

used. The theoretical results of deposition and the experimental results 

from the present work and those due to Davies and El-Shobokshy are in 

acceptable agreement as shown in Figs. 7.194 - 7.196. The agreement becomes 

better when the in le t velocity decreases. When the in le t velocity is  

Maximum, in the present range equal to 13.0 m/s, the predicted results along 

x/c > 0.5 are always greater than the measured (Fig. 7.194). This is  possibly  

because the effect of laminarisation is not taken into consideration for th is  

range of ve locities.

7.10.2 Results of particle deposition on a heated surface

The temperature of the blade surface was taken as the average values 

°f temperature along the concave surface and are given in Chapter 4. The
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conditionsof the flow (velocity and temperature) and the physical properties 

of the particles in the theoretical model are the same as those measured 

in the experimental rig. The agreement between the local values of the rate 

of deposition from the theory and the experiment are acceptable,

(Figs. 7.197 - 7.199). However, the accumulated values of the deposited 

mass on the heated surface from the theory and the experiment are in a very 

good agreement. The results from Davies' test along the f i r s t  ha lf of 

the passage are in better agreement with theory than those of the present 

work, but those from the present work are in better agreement along the 

second half.

I t  can be concluded that:

1. Using the whole thickness of the boundary layer for calculating the 

deposition rate gives more re a lis t ic  results than i f  only the 

thickness of the sublayer is  considered.

2. The agreement between the theoretical and experimental results 

suggests that the part of the present model for predicting the 

movement of the particles (d iffusion and thermophoresis) is  the 

more re liab le  model.

3- Laminarisation of the turbulent boundary layer should be checked and 

it s  effect must be considered for flow with high velocity.
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CHAPTER 8

THE ECONOMIC EVALUATION OF THE PREVENTION OF EROSION BY BLADE HEATING

8.1 Introduction

This Chapter is  concerned with the economic evaluation of the 

blade steam heating method. A large number of engineering and economic 

data must be prepared before using the economic theory. Section 8.2 

involves the calculations of a ll the required engineering factors such as 

the efficiencies of the diaphragm, the rotor, the penultimate stage, 

the la s t  stage and the quantity of additional coal required for blade 

heating. In section 8.3 alternative practicable designs for the hollow 

diaphragm are described. The economic data such as the rates of in flation  

and interest and the costs of the hollow diaphragm, the rotor, the fuel
'o>

and the outage are described in section 8.4. Two types of data for two 

economic decisions are presented: i f  the C.E.G.B. had decided to use the 

heating method in 1967 (Case I)  for the f i r s t  large coal stations and i f  they 

had decided in 1932 (Case I I )  for a modern power station. Therefore the 

economic data must cover the past period, from 1967 to 1983 (which are 

actual data) and future period from 1982 on (which are estimated data).

I f  the heating method is  not used, reblading of the damaged rotor 

is  like ly  to be required once during the l i f e  of a large turbine. The 

C.E.G.B. estimated the l i fe  of the rotor to be about fifteen years when 

blade heating is  not employed.

The economic methods for appraising the investment in the heating 

method are explained in section 8.5. Two economic techniques - the net 

present value (NPV) and the internal rate of return (IRR) - are each used 

for the two cases (Case I and Case I I ) .  The present analysis is made 

for a turbine in a large coal power station; the significance for a turbine 

in a nuclear station w ill be discussed late r in th is Chapter. Section 8.6
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presents the economic results in two stages: f i r s t ly  results based 

on single value best estimates assuming certainty, and secondly the effect 

on those results of variations in the estimated economic data, in th is way 

uncertainty in these data can be tested. F ina lly  the discussion of the 

economic results and conclusions w ill be presented in section 8.7.

8.2 Prediction of the Stage Efficiency and Thermodynamic Changes in 

the Turbine due to Blade Heating

There are a number of engineering factors which must be defined 

and calculated in order to determine the additional coal required for the 

heating and for recovering the output losses from the turbine.

8.2.1 Nozzle effic iency:

The passage of the stator blade forms a non-symmetrical convergent- 

divergent nozzle (passage). I t  is  very d if f ic u lt  to determine accurately 

the effiency of the fixed blade passage, since the actual conditions of 

the flow at the exit are not known. There are three approaches for finding 

an approximate value for the efficiency of the passage:

( i ) From the boundary layer calculations

The flow at the exit of the passage is  turbulent; therefore the 

velocity d istribution  through the boundary layer can be simply represented 

by the seventh power law. The mean velocity, therefore, can be calculated 

by integrating the velocity (u(y)) along the y-ax is (perpendicular to the 

blade surface) as follows

U,m
(8 .1)

where 6 = the boundary layer thickness.
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Hence, there are two different flows inside the passage - the flow 

of the boundary layer along both blade surfaces and the free stream flow. 

The average velocity (actual) of these flows can be determined by using 

the values of the boundary layer thickness along the concave and convex 

surfaces (Chapter 5). Thus the actual velocity is

U (6 + 5  ) + Um 'concave convex'
T

°° ^passage ^concave + '’’convex^ ^
ac passage

(8.2)

where A = the passage area per mm length of blade,
passage K 3

The boundary layer thicknesses along both surfaces at the exit of the 

passage are very sim ilar,

0 = 6 concave
= 6 ^ convex 'v 1.0 mm.

The cross-sectional area of the passage at the exit section is  equal to

21.5 mm̂ /mm length of the blade. The exit velocity of the free stream (U^) 

is  equal to 510.0 ra/s. Therefore, Uac * 504 rr./s.

From the defin ition of the nozzle efficiency,

nN

2 2 
U - U. e.ac i,ac  -------- 2
Ues Ui ,ac

(8.3)

where, U. = the in le t velocity = 80.0 m/s 
i ,ac

U = the actual velocity at the exit = 504.0 m/s 
e,ac

U = the isentropic velocity at the exit = 510.0 m/s. 
es

Hence the efficiency of the blade passage is  calculated to be 97.6%.

( i i )  From the calculated value of the discharge coefficient:

Ryley and Barrow (142) have defined the discharge coefficient
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for a nozzle as the actual area divided by the ideal area,

ac

'D AYdeal

For c ircu lar nozzle, Aa c = ? < DN - 2 S l >2 

Aid e a l = Ï  °N2

where 6-j = the displacement thickness at the exit of a nozzle

= the diameter of the nozzle at the exit section.

For the blade passage, A = £« iDp - ((6-|) + (6,) )|
d ’ concave convex J

Aideal = £B DP

where £g = the length of the blade

Dp = the height of the passage = 21.5 mm

(<$ ) , (6,) = the displacement thickness along the concave
concave convex

and convex surfaces.

In the present work (<$■.) +(<5-1) = 0.275 mm.
concave convex

Therefore, the discharge coefficient of a nozzle having a uniform geometry 

can be written in terms of D and ô-j

(D - 2 Ô,)2
r = ________L_

D
(8.4)

or when the blade passage is  used can be defined as

Aideal ( 6i )

CD =
concave

Aideal

+ ^1^ Iconvex J D (8.5)
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The efficiency may be defined in terms of as

nN Ifc cD2 (8.6)

Hence, on th is basis, the efficiency of the passage is equal to 97.5%.

( i i i ) Direct estimation of the nozzle e ffic iency:

Forster (120) suggested that the value of the efficiency of the 

passage is  about 97% when dry steam passes the blade. Dixon (143) also  

expected the efficiency of the blade passage to be about 97%.

Thus the three estimations of the efficiency of the blade passage 

suggest that a common value of nN is  about 97%. Therefore, th is value 

has been adopted as the nozzle efficiency in the present work.

8.2.2 Heat input

The rate of transfer of heat from the blade surface was found to 

be mainly dependent on the size of the entrained droplets when the in it ia l  

surface temperature is  constant, as described in Chapter 6. The larger 

the droplet size the greater is  the rate of heat transfer from the blade 

surface to the flow inside the passage and hence the greater the heat input 

required from the heating steam. I t  has been shown in Chapter 7 (section 7.9) 

that the practical minimum in it ia l temperature of the blade surface (t^.) 

is  80°C. This temperature is  su ffic ien t to ensure that a layer of dry 

steam w ill form on the surfaces of the guide blades and thereby prevent 

water in the steam from contacting the guide blade surfaces. In the present 

range of droplet sizes the maximum in it ia l diameter of the droplets is

1.0 ym. Therefore, Fig. 6.11 gives the rate of heat transfer from both 

blade surfaces when the in it ia l surface temperature is  80°C and the droplet 

size is  1.0 ym. This estimate corresponds to the maximum heat input required
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and hence also to the maximum operating cost for the economic evaluation. 

The total heat transfer from the surface of a single guide blade is  equal 

to 2.06 kW per metre of blade length. Several investigators have stated 

that f i r s t  nucleation produces droplets with an average size less than

1.0 pm. The economic evaluation which follows is  therefore based on a 

conservative prediction of the engineering conditions.

8.2.3 Characteristics and properties of the heating steam

The following assumptions can be made for the flow of the heating 

steam inside the hollow blade.

1. The steam flow is  stagnant.

2. The flow of the condensate is  two-dimensional.

3. The steam is  saturated vapour.

4. The internal blade surface is  smooth.

5. The effect of the blade curvature on the movement of the condensed

vapour film  is negligible.

The governing equations of the characteristics and the properties 

of the condensate are:

( i ) Continuity equation

or

du , dv 
+

= 0

m = pu dy

(8.7)

(8 .8 )

( i i ) Momentum equation

, 8U dl l .  a u /  .
( "  3*  + v '  »1 Z J  '  ipl  •  pg> 9 S1n'i'

au 32u

V- 3X • ■ 3yj -  3y‘

where <f> is  the angle of the condensate flow with the horizontal

(8.9)
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( i i i ) Energy equation

3t 3t,
CP (u 3x + v âÿ) “ K

32t

9y
(8 .10)

( i v) Heat balance equation

w 3t _ 3m h 
3y ~ 3x nfg ( 8 . 11)

Nusselt has sim plified the system of equations by neglecting the 

convective transport and considering the density of the condensate to be 

much greater than density of the vapour. In th is way equations (8.9) to 

(8.11) sim plify to:

„2
— 2" = 9 sin<i> (8.12)

K, i \ - °
9y

t - ts w _ 3m
'l 6^ ~ 3x

(8.13)

(8.14)

The boundary conditions are:

at y = 0; u = 0 and t = tw 

du du
at y  - y = cly"

However u «  p,,; therefore yt = 0 and t = t $.

The integration of equation (8.12) subject to the boundary conditions 

gives the velocity d istribution in the condensate layer,

u(y) =
g pp sincf) 1 ..2,

(<sy - ?  y ) (8.15)
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From equations (8.8), (8.14) and (8.15), the d istribution of the 

thickness of the condensate layer can be determined.

4 i < * >

1/4

4 ̂  Kt (*5 ~ V X
- 9 Pi  hfg s1n* -

(8.16)

The mean velocity  

(8.15)

(U ) of the condensate flow can be found from equation
£

Um
gp£

2 .
6  ̂ sine})

(8.17)

The mass flux of the condensate flow, therefore, can be defined as

"i. = Um flt =

2 3
l C
"3iT

9Pi  V  As
(8.18)

where = cross-section area of the condensate flow

As = internal blade surface area per unit length of blade.

The mass flux can also be defined in terms of the input heat and the 

latent heat of condensation:

m (8.19)
19

The heat input is  given in the previous section. Therefore equations 

(8.18) and (8.19) can be solved iterative ly  to find m by assuming the 

thermodynamic conditions of heating steam. Hence, the properties of the 

heating steam can be determined. I t  was found that most internal surfaces 

of hollow blades have an angle <J> greater than 60°. Setting the angle <j> 

equal to 60° gives a conservative value for m̂  (when the blade surface 

temperature is  80°C). For a single blade m̂  was found to be 9.5 x 10-4 kg/s.
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8.2.4 Reduction in work and efficiency of the L.P. turbine due to 

heating

As a result of additional heat input through the guide blades, two 

types of losses may result:

( i)  loss due to extraction of steam for heating before the penultimate 

stage;

( i i )  loss due to a possible reduction in the efficiency of the la st  

stage.

To calculate these losses the efficiencies of the la st  and penultimate stages 

must f i r s t  be determined. Figure 8.1 shows the thermodynamic process 

of the flow along the heated and unheated blade inside the la s t  two stages.

( i ) Penultimate stage efficiency

The flow during the penultimate stage is  dry; therefore at the 

midheight section of the blade the losses are only aerodynamic losses.

Bakhtar (113) and Forster and Cox (120) have estimated the value of dry 

efficiency to be about 93%. The enthalpy drop through the stator 

and the rotor passages of the penultimate stage can be assumed to be 

the same as that through the stator and the rotor passages of the final 

stage. Therefore the rotor efficiency can be determined. The details  

of the calculation are presented in Appendix 8A and the calculated rotor 

efficiency is  about 91%.

( i i ) The fina l stage efficiency

There are two thermodynamic losses: f i r s t ly  that due to an increase 

in the enthalpy of the flow along the guide blade because of blade heating 

and secondly, that due to wetness. In Chapter 7 the prevention of the 

occurrence of coarse water and erosion, and the relative reduction in the 

wetness fraction, were discussed. These factors result in an increase in



the rotor efficiency and hence possibly also an increase in the stage 

efficiency. The calculations of the efficiencies of the passages of 

unheated and heated blades are presented in Appendix 8A, and shown an 

increase in the efficiency of the la st  stage of about 0.2%.

( i i i ) The reduction in the turbine output

Increasing the la st stage efficiency results in an increase in the 

output of the la st  stage. In Appendix 8A i t  can be seen that the work 

gain from improving the la st  stage efficiency is  nearly equal to the loss 

due to extracting heating steam at the entry to the penultimate stage for 

blade heating. However to consider the most pessim istic case, the work 

gained is  not taken into account. Therefore the reduction in the turbine 

output due to employing blade heating can be determined as follows:

1. I f  the turbine has 3 L.P.s (as in a 500 MW or old version of 

660 MW turbine), the loss in the output is
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AWloss ^heating Âhn^last two 
steam stages

x 6 = 193 kW.

one diaphragm

2. I f  the turbine has 2 L.P.s (as in a modern turbine), the loss 

in the output of the turbine is ,

Amheating Âhn^last two x 4 = 129 KW.
steam stages one diaphgragm

Accordingly the boiler mass flow has to be increased (by (<Sm)bo ile r)

in order to recover the loss in the output of the turbine due to blade

heatina 6m, is  less than the mass flow rate of heating steam (Am)
boiler

since i t  ( i.e . 6robo-ner) wl11 do work due t0 exPand through the H.P. and I.P . 

turbines and the f ir s t  three stages of the L.P. turbines.

AWloss

The increase in
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the mass flow rate of the boiler (5l̂ boi 1 er) t0 Provic*e blade heating but 

no overall change in the work output from the turbine compared with a 

conventional turbine, is calculated as:

1. I f  the turbine has 3 L.P.s; t o i l e r  = 0.185 kg/s

Am = 0.285 kg/s

2. I f  the turbine has 2 L.P.s; (Sm|30i-]er = 0.122 kg/s

Am = 0.19 kg/s

Full details can be found in Appendix 8A.

8.3 The Steanv Heating Method

In Chapter 6 the steam heating method was identified as the most 

practicable compared with the other methods (hot a ir ,  e lectrical or hot o i l ) .  

The advantages of using saturated steam as the heating flu id  are:

1. I t  does not need complicated auxiliary equipment.

2. There is  less technical risk  such as leaking, rust and corrosion 

which may exist with the other methods.

3. The hollow diaphragm for steam heating, is very sim ilar to that 

designed by the G.E.C. (139). Therefore there is  no extra cost 

for designing a new diaphragm.

4. The heat capacity of the steam is  higher than that for the other 

flu ids, e.g. under the same thermodynamic conditions the heat capacity 

of steam is  greater than that of a ir  by about 16 times.

The suggested design of the heating steam and the condensate 

return systems is  as follows:

( i)  The heating steam is  drawn from the flow of the working steam at 

the entry to the penultimate stage. The steam conditions w ill be 

137°C, 0.86 bar and 40°C superheat.
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( i i )  At the entry to the hollow diaphragm, the steam should be close

to saturation. However, using superheated steam from the tapping 

point d irectly into the hollow blades results in an increase in the 

heat input to the blade of about 4%. This increase is  due to the 

difference between the heat capacity of the superheated steam 

(h = 2780 kJ/kg) and that for saturated steam (hg = 2675 kJ/kg), 

and i t  is  acceptable in the present work. Otherwise a heat 

exchanger must be used to reduce the conditions of the superheated 

steam to saturation to recover this small increase in the enthalpy 

of the heating steam.

( i i i )  I t  has been suggested, in Ref. (106), that the heating steam should

enter the hollow diaphragm from the upper end and leave the 

diaphragm as condensate from the lower end, as shown in Fig. 8.2a. 

The heating steam is  supplied to the top of the hollow diaphragm 

(point 1), passes around the upper sem i-circular duct in the casing 

and then through the blades (path 2) towards the inner semi­

circu lar ring of the upper ha lf (point 3). The steam and the

condensate are collected in the inner sem i-circular ring of the 

lower ha lf (point 4). They then flow through the blades towards 

the outer semi-circular duct of the lower half (point 5). The 

condensate is then drawn through the lowest point (point 6).

(iv ) An alternative to the Akhtar et al proposal would be to feed

the two halves of the diaphragm with the same quality of steam as 

illu stra ted  in Fig. 8.2b. The upper ha lf w ill be supplied by 

heating steam from the upper outer ring (channel 2), whilst the 

lower half from the lower inner ring. This can be described as

follows:
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1. The upper outer ring can be divided into two channels, channel 2 

and channel 3. These channels must be designed so that the amount 

of steam from the entrance (point 1) can be divided into two nearly 

equal halves for heating the upper and lower halves of the diaphragm.

2. The blades in the upper ha lf receive steam from channel 2.

The condensate w ill be collected in the upper inner ring.

3. Through the tubes (channel 5) inside the f i r s t  and the la st  blades 

of the lower half, the condensate (from the upper half) can be 

drawn into the lower outer ring (channel 6). The path of the 

condensate flow is  kept separate from the steam as shown in Fig. 8.2c.

4. The blades in the lower ha lf are supplied by steam from channel 3 

through the f i r s t  and the la st  blades in the upper ha lf (channel 4). 

The heating steam w ill be distributed from the lower inner ring

to the blades of the lower half.

5. The condensate from the lower ha lf w ill accumulate in the lower outer 

ring (channel 6) and mix with that from the upper half.

6. The total condensate from the diaphragm w ill discharge through the 

exit (lowest point or point 7) to the feed pipe.

(v) The condensate from the lower end of the diaphragm w ill be put back 

into the main feed water pipe before the condenser pump, in order 

to extract a ll the available energy from it .

The differences between the two suggested heating methods in

( i i i )  and (iv ) are:

1. The Akhtar proposal is less complicated to design.
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2. The heating operation in the new alternative is  more e ffic ien t  

than that by Akhtar et a l , since the same quality of steam is  

supplied to both upper and lower blades resulting in a uniform 

blade surface temperature. Therefore less heating steam w ill be 

required to achieve the same minimum blade surface temperature for 

avoiding deposition of the fog droplets.

8.4 Calculation of Costs and Benefits of Blade Heating

This section examines the costs and the benefits associated with 

adopting the proposed blade heating design for a new turbine. The 

following section (8 .5 ) describes how the quantified costs may be compared 

to arrive at an economic decision.

The cash flows in and out of the operating company that result 

sole ly from the investment are shown for each year of the turbine l i fe  

in Fig. 8.3 and are listed  as follows:

( i ) Potential benefits

Adopting blade heating w ill avoid any reblading during the turbine 

l i fe .  However without blade heating (as in the conventional turbine) i t  

is  like ly  that the la s t  row of L.P. rotor blades w ill have to be replaced 

at least once (at about the half l i fe  which is  year 15). Two costs would 

then be incurred:

1. The cost of new blades to replace the eroded ones.

2. The outage cost, which is  the extra cost of running a marginal,

lower efficiency station while the reblading is carried out.

( i i ) Costs of achieving these savings

The additional costs of building and running a new turbine with 

hollow diaphrams in the la s t  stages for fixed blade heating are:
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1. The capital cost which is  the d ifferential cost between the new 

hollow diaphragm and a conventional one,and associated pipework 

and instrumentation.

2. The running cost which is the cost of the additional fuel used to 

heat the fixed blade. I t  is  assumed that the heating of the 

blades w ill be stopped at year 32 (i.e . eight years before the end 

of the turbine life )  since erosion can be accepted for the remaining 

l i fe  of the turbine.

The balance between the costs in ( i)  and ( i i )  w ill determine the 

sign and the magnitude of the value of the investment. Two economic 

cases w ill be considered and analysed in the present work:

Case I

As though a decision had been made to adopt hollow blade heating 

for a 500 MW set due to start operation in 1967. During the 

1960's a large number of 500 MW turbines having one H.P., one I.P. 

and three L.P.s were ordered. A turbine bought then w ill now 

have reached its  half l i fe  when reblading is  assumed to be required. 

Therefore a ll cost information up to reblading is  based on 

published data.

Case I I

As though a decision was taken in 1982 for a 660 MW turbine having 

one H.P., one I.P . and two L.P.s for which a ll economic data must 

be estimated.

8.4.1 The capital cost of hollow blade diaphragms

G.E.C. (139) and C.E.G.B. (144) have estimated the costs of a so lid  

(conventional) and a hollow (new) diaphragm. The cost of a single so lid
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expected cost of a hollow diaphragm with steam and condensate piping and 

instrumentation is  about twice the cost of the conventional diaphragm. 

Therefore the d ifferential cost w ill be about £110,000 (price in 1982). 

This is  the capital cost (CC) of the investment decision. To study the 

1967 decision of using the blade heating, the capital cost must be 

determined for that year by deflating the cost in 1982 to 1967 prices.

The in flation  rate for the diaphragm capital cost has been estimated using 

published price indices (material and fuel index and wages index) for the 

Electrical Engineering Industry. The total costs of that industry (Ref. 

(145)) are made up of:

Material and fuel 58%

Wages 28%

Other costs 14%

Therefore the diaphragm cost is  assumed to have moved in line with the

indices for "material and fuel" and "wages", weighted 2/3 and 1/3 

respecti vely.
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The values of the indices of the material and fuel for e lectrical 

machinery are obtained from Ref. (146) w hilst those for wages are 

published in Ref. (147).

The average index can thus be determined from

2 1 
! av = 3  M ate ria l + 3 1wages ( 8 .20)

where I = average index; I maten-ai = material index; I wages = wages index. 

The in fla tion  rate, for year (a + 1) therefore, can be defined as

av (a + 1J '
I,v (a + 1)
av -  - 1 ) x 100% ( 8 .21)
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Figure 8.4 shows the variation of the three indices over the la s t  sixteen 

years whilst the values of the resulting in flation  rate for e lectrical 

machinery capital costs are listed  in Table 8.1.

The future cost of a new diaphragm may be less than that estimated 

merely by in fla tin g  present costs for the following reasons:

( i)  improvements in manufacturing technology;

( i i )  a cheaper material can be used, since erosion is  being prevented. 

These factors have not been taken into account in the present work.

8.4.2 The running cost

The only running cost is  the cost of fuel (coal) for blade heating. 

This cost can be calculated from the following equation:

FC(a) "  ^coal Pcoal(a) °hr(a) x 3600  (8 .2 2 )

where FC(a) = cost of the coal in year a (£)

Pcoai ( a ) = price of coal in year a (£/kJ)

0hr(a) = number of operating hours in year a

Qcoai = the required amount of heat from the coal (kW).

The parameters of equation (8.22) can be determined as follows:

( i)  The heat required from the coal to the heating steam is  equal to 

the enthalpy of the heating steam divided by the bo iler efficiency.

Qcoal
hfq x ^ b o ile r

nboiler
(8.23)

( i i )  The price of coal which is  given by:

1 .

2 .

C.E.G.B. (148) over the past sixteen years. 

C.E.G.B. (149) over next f i f t y  years.
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The future price of coal is influenced by world economic development 

and other energy prices. For the United Kingdom economy, the C.E.G.B. 

have described five alternative scenarios for U.K. economic development, 

prepared in the context of three world economic background cases: 

potentially high, medium and low levels of economic growth. Ref. (149) 

describes estimated U.K. energy supplies and prices, U.K. energy demands 

and C.E.G.B. e le ctr ic ity  supplies consistent with the scenarios up to the 

year 2030. Prices are in real terms; therefore prices in money terms 

which are required for the present work can be estimated by in fla tin g  

prices from Ref. (149). The five scenarios A, B, C, D and E for the U.K. 

economy which have been developed present d iffering estimates of economic 

activ ity  both in terms of composition and level. These estimates vary 

according to factors such as resource u t ilisa t io n , degree of success of 

economic policy, rates of increase in productivity and demand,and world 

economic development. The cases of B, C and D are consistent with mor) 

than one outcome for the world economy whilst cases A and E are consistent 

only with the case of high and low world economic growth respectively. 

Details of the conditions of the scenarios can be found in Ref. (149) and 

these are presented in Appendix 8B.

The actual and predicted prices of coal (in money terms) over the 

l i fe  of the steam turbine can be seen in Fig. 8.5 when scenarios A and E 

are used and in flation  rates of 7% and 11% are assumed for the period 1982 

up to the end of the turbine li fe .  The in fla tion  rate has a great effect 

on the estimated (future) price of the coal.

( i i i )  The number of operating hours each year (0 ^ (a ) ) .

Four power stations - Ferrybridge - C (in  the north-east), 

Eggborough (in the north-east), West Burton (in the midlands) and one 

designed for the future - were selected to study the economics of the blade
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heating method. The annual operating hours of the f i r s t  three power 

stations for the past sixteen years have been published in Ref. (148).

The number of running hours of a power station is  dependent on the following 

inter-related factors:

1. The size of the power station compared with the latest current 

design.

2. The efficiency of the power station.

3. The demand factor for e lectric ity .

4. The age of the power station.

Bartlett (150) has given a typical d istribution  of annual operating 

hours over the l i fe  of a turbine. This is  an American source of 

information in the 1950's; no equivalent B ritish  information has been 

found. Using th is d istribution in Ref. (150), the annual running hours 

for the remaining l i fe  of the existing power stations and for a future one 

have been estimated. However the total (actual and estimated) operating 

hours for each station are nearly equal, being in the range 167,000

170.000 hours (i.e . the difference between the maximum and minimum total 

operating hours is  about 1.8%). The total operating hours of a typical 

coal station was given by the C.E.G.B. (144) to be in the range 150,000 -

200. 000  hours.

Table 8.1 shows the actual and estimated coal price and annual 

operating hours over the l i fe  of the four turbines in the four power 

stations.

8.4.3 The cost of the reblading

G E C. (139) has given the cost of the blades of the la s t  L.P. rotor 

for a 660 MW turbine as £101,000 (price in 1982). This value was confirmed
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the G.E.C. to be required in about year fifteen of the turbine's l ife .

Blade heating may lead to cost savings for a future turbine for the 

following reasons:

( i )  The problem of erosion can be overcome. Therefore, cheaper 

materials can be used for manufacturing the rotor blade.

( i i )  The aerodynamic and thermodynamic parameters of the passages of 

the la st  rotor blades w ill be improved due to suppression of the 

coarse water and reduction of wetness fraction. Thus the cost 

of output energy w ill be lower since the rotor efficiency w ill 

be increased.

( i i i )  The belt drainer for removal of coarse water w ill no longer be 

necessary thereby reducing the cost of the turbine.

8.4.4 Cost of the outage time during rebladinq

I f  any particular station has to be taken out of service for 

reasons other than lack of demand then the power i t  would have provided 

must be supplied by the "marginal station" which is  less e ffic ien t. The 

outage cost is  therefore the additional cost o f running the lower efficiency  

station. The C.E.G.B. in the north-west have estimated the running cost 

of nuclear, coal and o il stations as:

- Nuclear about £10/MW h (1982 prices)

- Coal about £18/MW h (1982 prices) for a 500 or 660 MW turbine

and about £22/MW h (1982 prices) for the older and smaller 

turbines

- Oil about £25/MW h (1982 prices).
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Therefore the outage cost of a 660 MW turbine of a nuclear power 

station replaced by a coal station w ill be about £10/MW h (i.e . about 

£160,000/day), and that for a modern coal station replaced by an older 

station w ill be about £2-4/MW h (i.e . £32,000 - £63,000/day for a 660 MW 

turbine and £25,000 - £50,000/day for a 500 MW turbine).

In 1982 Harris (151) gave the cost of one day's loss of generation 

from a 660 MW steam turbine to be about £270,000 for a nuclear power 

station and about £60,000 for a coal power station; the la s t  figure  

is  also quoted by the C.E.G.B.

The efficiency of the marginal station depends on the e le ctric ity  

demand (during the winter lower efficiency stations have to be run to meet 

the demand). Therefore the outage cost varies during the year. Outage 

costs are lowest during the summer period and hence maintenance work 

including reblading would normally be carried out then. Recently Wronski 

and Wilson (152) from the C.E.G.B. have published the outage cost in winter 

and summer time for a 500 MW turbine in a coal station. The figures are 

£60,000 and £42,000 per day in winter and summer respectively. For the 

economic evaluation a figure of £50,000/day is  used as the outage cost 

for a 660 MW turbine and £40,000/day for a 500 MW turbine. For a number 

of reasons (to be discussed la te r), the present work is  concerned only 

with a steam turbine in a coal power station rather than in a nuclear 

station.

According to the C.E.G.B. (144),the downtime for reblading is  

about fourteen weeks and is distributed as follows.

( i)  Two weeks for dismantling the turbine. This is  considered to be

part of the turbine inspection.
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( i i )  Eight weeks are required to repair a rotor damaged by erosion or 

to replace i t  with a new rotor. Of th is, four weeks is  usually 

taken for inspection and repair of other parts of the turbine. 

Therefore the remaining four weeks period is  considered to be the 

outage time which could be saved i f  reblading is avoided by using 

blade heating.

( i i i )  Four weeks for re-assembling the turbine.

8.4.5 ThP r.F .G .B.'s cost of borrowing

The C.E.G.B.'s cost of borrowing over the past sixteen years has 

been calculated from the total borrowing at the year end and the interest 

charged for that year; these are published by C.E.G.B. in Ref. (153).

............................  interest paid during year a .. lnrt0, ,
Interest rate i(a ) = f otal borrowing at the end of year a x 100/o (8*23a)

Figure 8. 6  shows the interest rate from equation (8.23a) and (for 

comparison) the bank lending rate, from Ref. (154), over the f i r s t  sixteen 

years of the 1967 turbine. The figure also shows the linear regression 

line for the bank lending rate over the period; i t  can be seen that the 

C.E.G.B. borrowing rate remained about 3% below th is line over the whole 

period. I t  is  like ly  that the present and future governments w ill expect 

the C.E.G.B. to pay interest closer to the market rates.

8.5 The Economic Method of Investment Appraisal

In it s  simplest form the method assumes the investment is  risk  free 

and a ll cash flows are certain. The effect of uncertainty w ill be examined 

later in th is Chapter. The approach is  to identify and estimate the cash 

outlays and benefits associated with the investment and to compare these
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to establish whether a net profit or loss would be produced. The cash 

flows over the l ife  of the project must be converted to constant value 

terms, since the pound of next year w ill not have the same value as that 

of today. A pound received now is more valuable than a pound to be 

received one year from now because of investment p o ss ib ilit ie s  that are 

available for today's pound. I f  the pound received is  used now for 

consumption, i t  means that the owner is  giving up the option of more than 

one pound's worth of consumption in a year's time. Therefore, a sum 

of money (Acp) now is  held to have the same value as the sum Acp(l + y ^ )  

one period from now. In other words, the assumption is  that the exchange 

rate between money now and money one period in the future is the same as 

the ratio  of 1 to (1 + y ^ )  one period hence. For that reason future 

receipts should always be converted into equivalent present values in 

order to compare them with present receipts and to determine whether the 

investment yields more cash than would alternative uses of the same amount 

of money (such as lending or depositing in the bank). There are two 

techniques which are commonly used in the appraisal of investment projects: 

the net present value and the internal rate of return.

8.5.1 Net present value method (NPV)

This is  the c lassica l economic method of investment appraisal; 

i t  is widely discussed in the text books such as Refs. (155, 156). The 

value of future money is  not the same as that of present money. The 

present value (PV) of any sequence of future cash flows is  found by 

discounting at the firm 's discount rate a ll future net cash flows to their 

present value equivalent. The discount rate is  the cost of capital or 

the interest rate in the present work.

A

pv = + tw i H'+TT  + ..... + r+V (i* i2)-v-'.. <T+'V
CF2 CFn (8.24)
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where i p i 2 . . ..  i = discount rate (divided by 100%) at year 1 , 2 , ... n.

ACF1 ’ ACF2 “ * ACFn = the net cash ^ ow c,urin9 year 1, 2, ... n. 

n = the l i f e  of the project in years.

I f  the discount rate is  uniform over the l i fe  of the project, equation (8.24) 

becomes,

ACF2 ,------- Tf +
( 1+1 )

CFn

( 1+1)
(8.25)

Equation (8.25) can more conveniently be written as

PV a~n ACFa 

a=l ( l+ i ) a
(8.26)

The net present value (NPV) is  determined by subtracting the in it ia l  

investment outlay (ACR)) of the project from the cumulative present value 

of the cash flows.

NPV
a=n
Z

a=l

ACFa

( l+ i ) 3
" acfo

(8.27)

I f  the NPV is  positive, the project is  profitable.

An index of p ro fita b ility  commonly quoted in economic texts is  defined as:

PI = PV of a ll  benefits 
Pv of investment cost

(8.28)

I f  the p ro fitab ility  index (P I) is  greater than one, the project generates 

profit. The bigger the value of PI the greater the p ro fit the investment 

earns. i t  can be interpreted as the benefit earned (at present value) by

each unit of money invested.

8.5.2 tntprnal rate of return method (IRR)

The internal rate of return (yie ld) is  defined as the rate of
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discount which reduces the cash flows from the project to a present value 

equal to the investment cost of the project. Stated another way, i t  means 

the discount rate which results in a zero NPV. Therefore, the internal 

rate of return ( IRR) can be calculated from the following equation:

ACF1 , ACF2 , ACFn
CFO (8.29)

This equation can be solved iterative ly  by substituting various values of 

IRR until one is  found which sa tis f ie s  the condition of the equation.

This iteration can be done most e ffic ien tly  by a graphical solution. The 

NPV of the project is  calculated for various tr ia l values of the discount 

rate ( i ) and the two are then plotted. The point o f intersection of the 

curve with i-ax is  gives the value of IRR, as shown in Fig. 8.7.

8.5.3 Application of these appraisal methods to a conventional project 

The most common form of investment has cash flows as follows:

1. Capital cost which is  at year zero of the project l i fe .

2. Benefits (cash inflows) over the l i f e  of the project (year 1 to n ).

Therefore, the sign of the cash flow changes only once, i.e . from 

- ve to + ve as illu stra ted  in Fig. 8 .8a. This d istribution  of cash flows 

w ill give one value for IRR only. For example, the l i f e  of a project 

is  five years and the cash flows in money terms are as follows:

Year 0 Year 1 Year 2 Year 3 Year 4 Year 5 

Cash flow (£) - 1000  +250 +250 +250 +250 +250

The economic evaluation of th is investment can be obtained by using the 

NPV or the yie ld  method. Assume the market interest rate is  10%-, we find 

that (using equations (8.27), (8.28) and (8.29)) NPV = - £52.3, PI - 0.95
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and IRR = 7.2%. These results indicate that the project is  not profitable, 

and the incurred loss is  £52.3 (at year 0 values).

However, i t  is  common for benefits to be constant in " rea l" terms, 

and consequently for them to rise  in line with in fla tion , e.g. for an 

in fla tion  rate of 8 %:

0 1 2  3 4 5

-1000 250 250 250 250 250

-1000 250(1.08) 250(1.08)2 250(1.08)3 250(1.0£J4 250(1.08)5 

= 270 = 292 = 315 = 340 = 367

The real rate of interest is  defined as

Therefore when i = 10%, f '  = 8%, i r ^ 2 %.

The appraisal must be carried out either in money terms for both the cash 

flows and the interest rate, or in real terms for both; the results w ill 

be identical by either method.

The result of the second example (whether working in "money" or 

"real" terms) is  : NPV = + £183.5, PI = 1.18 and IRR = 15.5%. I t  can be 

seen that in th is case the investment is  profitable, making a p ro fit of 

£183.5 (at year zero values). The yield  is  in "money" terms and i t  is  higher 

than the market discount rate (which is  also in money terms). .The yie ld  in 

"real" terms is  6.9%.

I t  is  found that one change of sign of the cash flows over the l i fe  

of the project w ill give a unique value of the y ie ld  (IRR) and thus for a 

cash flow d istribution  of that type the economic evaluation is  stra ight 

forward by using equations (8.27), (8.28) and (8.29).

Year :

Cash flow 
(real terms) £ :

Cash flow 
(money terms)£ :
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For cash flow distributions that change sign twice (e.g. as a 

result of a negative cash flow in the la s t  year of the project in order 

to close-down the project), there are two mathematical solutions for IRR. 

In general, n changes of sign give n mathematical solutions. Some 

writers (e.g. (155)) suggest that th is can be resolved by discounting 

the negative cash flows forward to earlie r years using the normal market 

discount rate ( i )  until the accumulated final year cash flow becomes 

positive. This can be explained better by giving an example.

Asssume a project has four years l i fe  and the cash flow d istribution  is

Year : 0 1 2 3 4

Cash flow (£): -500 +400 +40° +25° - 500

The discount rate is  10%. The procedure to change th is d istribution  

of cash flows with two changes of sign to a d istribution  with one change 

of sign in order to calculate the yield  is.

1. Discount year 4 to year 3 and calculate the equivalent cash flow in 

year 3 which is  - £204.5 (i.e . 250 - 500/1,1).

2. Equivalent cash flow is  s t i l l  negative, so discount i t  to year 2. 

Therefore the equivalent cash flow in year 2 is  + £214 (i.e .

+ 400 - 204.5/1.1).

3. Equivalent cash flow is  now positive. Hence calculate the single  

value of IRR for the following cash flow:

Year : 0 ..1-----  ---- ------

Cash flow (£): -500 +400 +214

The yie ld  is  found to be about 16.7%. There is  only one change of sign  

and therefore th is is  the only solution for IRR.
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This procedure can be interpreted as follows. The surplus 

benefit earned in year 2 is  £400 - 214 = £186. This is  invested at 10%.

The year 3 benefit of £250 is added to i t  for investment, thereby together 

yield ing £500 in year 4 to fund the outflow required in that year. Note 

that a value of i = 25% applied to the original cash flows gives NPV 

equal to zero, but th is is  a fa lse  solution since, by defin ition, surplus 

benefits from years 2 and 3 cannot be invested elsewhere at 25% to yie ld  

the sum required for the year 4 outflow. I t  is  necessary to apply th is 

procedure to the present project.

8.5.4 Application of the appraisal methods to this project

In the present proposal the cash flows, as seen in Fig. 8.3, are 

a ll outflows until year 15; then very large benefits in year 16 are 

followed by further outflows (running costs) for the rest of the project.

Thus there are two changes of sign of the cash flows - from negative to 

positive and from positive to negative. Whilst the calculation of NPV is  

stra ight forward, the calculation for yield w ill resu lt in two mathematical 

values and even a meaningful value is like ly  to be fa lse  as shown in the 

previous section. To sim plify the problem, the d istribution  of the cash 

flows can be modified to give only one change of sign like  a conventional 

investment. The modification is  made as follows.

1. By making provision for the running costs from year 1 up to year 15 

in the year 0 investment, in addition to the diaphragm cost

(Fig 8 .8b). The cash flows from year 1 to year 15 are discounted 

by the actual (for Case I)  or estimated (for Case I I )  interest rates.

2. By making provision for the running costs from year 16 up to year 32 

out of the net benefits received in year 16 (Fig. 8 .8b). The

cash flow from year 17 to year 32 are discounted by the assumed 

interest rate ( i ) .
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Therefore the cash flows of the present project w ill consist 

of a large capital cost in year 0 in order to obtain a benefit in year 16. 

The modified d istribution of the cash flows w ill give a single value of

the yie ld . This approach also seems to give the most satisfactory  

interpretation for the p ro fitab ility  index (rather than treating a ll running 

costs as negative benefits). Negative cash flows can be regarded as 

either additional investments or as negative benefits. Consequently there 

is  no indisputable way of defining PI for a ll d istributions of cash flow.

8 .6  The Results

There are two groups of results: f i r s t ly  those based on best 

estimates of the economic parameters and secondly those which test 

uncertainty associated with the costs.

8.6.1 The results without se n s it iv ity testing 

Two cases are considered here.

Case I (1967 decision): The parameters for economic evaluation of the 

project are assumed as follows:

1 . Ferrybridge - C power station has been selected. It s  f i r s t  year

of operation was 1967; at that time a number of 500 MW turbines 

were already in use. The results for the other power stations

studied (Eggborough and West Burton) are not shown in th is work 

because they are very sim ilar - the only difference between the 

three stations being the number of annual operating hours (bearing 

in mind the difference between the total operating hours for each 

station is  less than 2°/).

2. The in fla tion  rate from 1983 up to the end of the turbine l i fe  is  

assumed to be constant at 7%. Domestic in fla tion  has fallen  from 

a peak of 28% in 1974 to 5.2 in April 1984. Government policy is
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to use monetary controls to continue this f a l l .  The Government 

predicts that the in flation  rate w ill be below 5% for the next four 

years. A recent report by the Liverpool Research Group in 

Macroeconomics (157) have predicted the in flation  rate to be below 

4% for the next four years. A recent report on the Channel Link 

(158) by a major Anglo-French banking consortium assumes an average 

in fa ltion  rate of 9 % for the next eight years.

Now that the U.K. has its  own o il and the demand for o il has fa llen, 

i t  seems unlikely that steep rises in in flation  such as those 

experienced in 1974 and 1979 w ill be repeated. I t  is  therefore 

fe lt  that a figure of 7 % for the in flation  rate (as an average of 

the values of in flation  rates from Refs. (157, 158)) is  both 

re a lis t ic  and reasonably conservative.

3. The interest rate is  assumed to be 9% for the period between 1983 

and the end of the turbine life .  In the long run we would expect 

the interest rate to be s lig h t ly  higher than the in flation  rate,

in order that investors receive a positive real rate of return that 

would encourage them to invest rather than spend on consumption.

For the Channel Link (158), an interest rate of 13% was assumed 

i.e . a real interest rate of 4%. The Government (159) in 1978 

set a target real rate of return for the Nationalised Industries 

of 5% (th is was set when in flation  was running at 10.75%). The 

Liverpool Research Group in Macroeconomics (157) predicts a rate 

of interest of below 7%, i.e . a real rate of interest of less than 3%. 

For this study we have assumed a 2% real rate of return over and 

above the 7% in flation  figure i.e . an interest rate of 9%.

4. Scenario C is  used to define the future price of coal since i t  is  

the most like ly  one, and the one used by the C.E.G.B. for the 

Sizewell-B inquiry.
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Figure 8.9 shows the cumulative net present value over the l ife  

of the project (costs discounted to 1967). The net present value for 

the whole project l ife  is  therefore £300,000. This is  the extra 

wealth created by investing about £160,000 (£108,000 for hollow diaphragms 

and £52,000 "earmarked" to pay running costs up to year 15). The net 

benefit is  about £460,000 (£570,000 for the rotor and outage cost savings 

in year 16 from which must be "earmarked" about £11 0 ,000  to pay running 

costs for years 16 to 32); a ll costs are in 1967 prices. The

corresponding p ro fitab ility  index is about 2.9. The internal rate of 

return for th is project is  15% and the V e a l" internal rate of return is

((1.15/1.07) - 1) = 7.5%.

Case I I  (1982 decision): For a future station the economic parameters 

were assumed as follows:

1. The in flation  rate is constant and equal to 7%.

2. The interest rate is  constant and equal to 9%.

3. Scenario C is employed to define the future price of coal.

4. The distribution of the annual operating hours is  the same as the 

Bartlett American d istribution, Ref. (150).

The distribution of the cumulative present value (1982 costs) 

over the l i fe  of the future station is illu stra ted  in Fig. (8.10). The net 

present value of the project is found to be just less than £0.5m; th is 

is the net pro fit produced by investing about £0.7 m (£0.44m for hollow 

diaphragms and £0.26m "earmarked" to pay running costs up to year 15).

The net benefit is  about £1.2 m (£1.4 m for the net benefits in year 16

from which must be "earmarked" about £0 .2m to pay running costs for

years 16 to 321. A ll the costs are in 1982 prices. The p ro fitab ility  index
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is about 1.7. The yield (IRR) is  about 12|% and the "real" internal 

rate of return is  about 5%.

8.6.2 The results of sensitiv ity  testing

Uncertainty has a great effect on the investment decision.

Therefore, uncertainty in estimating the outlay and cost savings must be 

taken into account in order to evaluate more comprehensively whether the 

blade heating is  economic or not. In the previous study we have used the 

best estimates for a ll costs and we w ill refer to these as the "base case" 

for Case I and Case I I .  We can now examine the effect of a variation in each

cost on the net present value, whilst a ll other parameters keep their base case 

values.

8.6.2a Case I (1967 decision)

1. The price of coa l:

The price of coal during the past sixteen years (from 1967 to 1982) 

was taken from the C.E.G.B. quoted costs. The future price of coal 

in real terms depends upon the scenarios described in section 8.4.2. The 

widest range of future prices can be studied by using the extreme cases 

of the scenarios which are A and E. Scenario A price is  about 15% above 

that from scenario C whilst the price from scenario E is  about 10% below 

that from C. Use of scenario A would result in an increase in the present

, . r .. . rrtC+, nver the l i fe  of the turbine of about £25,000value of the running costs over

(1967 prices); th is would reduce the NPV of the project by about 8 %.

2. In fla tion  and in terest rates:

Figures 8.11 - 8.13 show the effect of the variation of future 

in fla tion  on the cumulative present value over the l i f e  of the project.

I f  the interest rate is  kept constant at 5% (Fig. 8.11) an increasing 

in fla tion  rate results in decreasing the present value of the project since 

the coal costs w ill be increasing in money terms. As has been explained,
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all cash flows up to and including year 15 are based on actual costs.

The estimate of future in flation  therefore only affects costs after year 15 

(i.e . only the coal costs). I f  the interest rate ( i)  is  high then the 

reduction in the NPV,will be much,less (Fig. 8.13). On the other 

hand i f  in fla tion  is  held constant, an increase in the interest rate 

results in an increase of the NPV of the project. As long as the real

rate of interest (1r = iS Positive»the variation of in flation

and interest rates has l i t t le  effect on the NPV as shown in Fig. 8.14.

However i f  i is  negative, the NPV is sensitive to the change in the values

of interest and in flation  rates. I t  can be seen that the NPV is  positive 

even when the value of i r is  very low (i.e . i r < -  M ) .

The project becomes unprofitable (PI < 1) at a real rate of 

interest less than - 6% (Fig. 8.14). However as explained in section 8 .6  

i t  is  unlikely that the average real rate of interest would be negative 

when looking at periods of more than 1 5 - 2 0  years.

I f  the in flation  rate is greater than the interest rate (i.e .  

i r < 0) the running costs from year 16 up to year 32 would be higher than 

the base case, leading to a lower p ro fitab ility  of the project.

For positive values of the real rate of interest, in fla tion  has l i t t le  

effect on the values of NPV and PI and hence on the economic decision.

3. Diaphragm cost: I f  the cost of the hollow diaphragm is  higher 

than that given by the G.E.C., the NPV w ill be reduced by the amount of 

the increase in the diaphragm cost. The uncertainty in th is cost could 

be as great as 50%. Therefore, the maximum reduction in the NPV of the 

project would be about £50,000. This would reduce the NPV by less than 20%.

4. Outage cost: This is  defined by two factors,

( i)  cost of one MW h : The additional cost of one MW h from a steam
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turbine in a marginal coal power station is  between £2 and £4.

I f  the outage time is  constant (four weeks), the reduction in the 

outage cost is  about 40% when the minimum cost of outage is  used 

(£2/MW h) , Therefore, the NPV w ill be decreased by about 

£130,000 (i.e . about 45%).

( i i )  Outage time: Four weeks is given by the C.E.G.B. as the additional 

outage time needed to replace or repair the damaged rotor after 

about 15 years running. I f  the outage cost is  kept at 

£3.3/MW h, then i t  is  not until an outage time of only half a 

week is  reached that the NPV fa lls  to zero, assuming a real rate 

of interest of 2%. The period of outage time would always be 

greater than th is unless some other major overhaul task was also 

being carried out at the same time on the turbine. This would 

seem unlikely.

5- Reblading cost: I f  the uncertainty in the rotor cost is  about

50% (higher than the actual cost), the NPV would be reduced by about 

£90,000 (i.e . about 30%) assuming i p equal to 2%. However, using the 

b1ade heating technique the required rotor could be cheaper than the 

l i s t i n g  one. Therefore the maximum reduction in the NPV is  lik e ly  to 

be less than 30%.
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8.6.2b Summary of the sen sit iv ity  analysis of Case I

The effect of uncertainty on the NPV can be seen summarised 

as follows:

Positive Negative

The "base" case 

NPV = £0.3m (100%)

(  (1) Coal cost (scenario A)

(2) Diaphragm cost (+ 50%)

(3) Reblading cost (+ 50%)

(4) Outage cost due to the 
use of a higher 
efficiency marginal 
station; A cost is  
£2/MW h (the outage 
time is  4 weeks)

(5) Outage time per week 
less than four weeks, 
when the outage cost 
is  about £3.3/MW h.

20%
30%

45%

*

1 week less (35%)
/

2 weeks less (60%)

3 weeks less (85%)

4 weeks less (i.e . no
outage saved)( 110%)

From this summary, the following points can be concluded:

(i)  Consider a ll the factors except the duration of outage;

p ro fitab ility  is  only at risk  i f ,  at the time of reblading, demand 

is  very low and few high efficiency stations are shut down.

Under these two circumstances the marginal station would be a 

re lative ly  e ffic ient one , producing power at perhaps only about 

£2/MW h more expensively than the station being rebladed. Otherwise 

positive NPV seems re lative ly  certain.
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( i i )  The overwhelming factor affecting p ro fitab ility  is  the duration

of outage attributable only to the reblading. This was discussed 

in detail in section 8.6.2a. I t  is le ft  to the C.E.G.B.'s 

engineers to examine their records of downtime durations and to 

assess the likelihood of an outage duration less than four weeks 

that could put p ro fitab ility  in some doubt.

8.6.2c Case I I  (1982 decision)

1. The price of coal: The predicted"real"price was taken from the 

five scenarios given by the C.E.G.B. The change in the coal price has 

a greater effect on the NPV of the 1982 decision than that of the 1967 

decision since the cost of coal w ill affect costs during the whole l i fe  

of the project except the la st eight years. Scenario A gives a maximum 

possible price of coal. The maximum increase in coal cost results in the 

maximum decrease in the NPV which is  about £0.11m when the real interest 

rate is  2% (bearing in mind that the NPV of the base case is  about £0.5m),

1. e. the reduction in the NPV of the project due to using scenario A is  

about 25%.

2. In fla tion  and interest rate: In fla tion  has a major effect on 

the money values of the coal cost, reblading cost and the outage cost.

An increase in f  results in an increase in the money costs of reblading, 

outage and coal. Because the cost savings are larger than the outlay

costs, an increase in in flation  w ill appear to increase the NPV of the 

project as shown in Figs. 8.15 - 8.17. I f  the in flation  rate is  kept 

constant, an increase in the interest rate w ill result in a decrease in 

the NPV of the project. An increase in the real rate of interest results 

in a decrease in the NPV and the NPV w ill change it s  sign from positive to 

negative at i equal to 5.5% when scenario A is  used and at i^ equal to 6.5% 

when scenario E is  used as shown in Fig. 8.18. The p ro fita b ility  index
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also decreases with increasing real rate of interest (Fig. 8.18). The PI 

is  one at i equal to 5.5% when scenario A is  used and at i r equal to 

6.5% when scenario E is  used. Therefore, i f  i f  is  greater than 5.5% 

the project w ill not be profitable. However i t  is  unlikely that the 

average i w ill be as large as th is in the long run. The shapes of the 

curves of Fig. 8.18 are different from those in Fig. 8.14 because of the 

major effect of discounting the future benefits. The shape of the curves 

in Fig. 8.18 are sim ilar to those that would be obtained for a conventional 

investment (see section 8.5.3). The r is in g  curves of Fig. 8.14 are 

untypical since in flation  assumptions apply only after the benefit of 

year 15 has been received.

3. Diaphragm cost: I f  the uncertainty in the cost of the hollow 

diaphragm is  50%,the NPV of the project would be reduced by a maximum of 

about £0.2m (i.e . about 40%).

4. Outage cost: This consists of two factors:

( i)  Outage cost of one MW h: th is cost was given by the C.E.G.B. to 

be in the range of £2-4/MW h. A figure of £50,000/day (equal 

to £3.15/MW h) was used as the outage cost in the base case.

Therefore i f  the minimum cost is  used (£2/MW h) the reduction in

the total outage cost w ill be 36% provided the outage time is  constant 

(4 weeks). This uncertainty w ill cause a possible reduction in 

the NPV of the project of about £0.37 m (1982 prices), i.e . about 75%. 

A reduction in the outage cost of this size seems unlikely as 

discussed before (section 8.4.4).

( i i )  Outage time: I f  the outage time is  less than four weeks,the outage 

cost w ill be decreased and hence the NPV of the project w ill be 

reduced too. I f  the outage cost is  kept at £3.15/MW h, then i t  is
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not until an outage time of only 2.5 weeks is  reached that the 

NPV fa lls  to zero assuming a real rate of interest of 2%.

The likelihood of the outage time being less than four weeks 

was also discussed in section 8 .6 .2a.

5. Reblading cost: I f  the cost of reblading is  50% higher than 

estimated, the NPV w ill be reduced by about £0.15m (i.e . about 30%).

8 .6 .2d Summary of the sen sit iv ity  results of Case I I

The results of uncertainty in the costs and the benefits can be 

presented as a percentage of the NPV of the project as follows:

Positive Negative
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NPV of the project £0.5m (100%)

(1) Coal price (scenario A)

(2) Diaphragm cost (+ 50%)

(3) Reblading cost (+ 50%)

(4) Outage cost; A cost is  
£2/MW h (the outage 
time is  four weeks)

(5) Outage time per week 
less than four weeks, 
when the outage cost 
is £3.15/MWh.

25% j

40%

30%

75%

1 week less (67%)

1J weeks less ( 100%)

2 weeks less (134%)

From th is summary one can see that a combination of uncertainty 

of outage costs plus one factor from the rest, is  enough to make the project 

unprofitable. However the probability of occurrence of a ll these 

uncertainties is  not unity; therefore there is  doubt about the outcome of 

the project.

To c la r ify  the situation, s ta t is t ic a l analysis can be used to
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help reach an economic decision. Extreme values of each factor have been 

identified in section 8.6.2a and b according to the G.E.C., the C.E.G.B. and 

the other information. We have some confidence in the values of 

in f la t io n '(7%) and the real interest rate (2%). The values of 

uncertainty in the costs and benefits which have previously been discussed 

are probably too pessimistic and can be modified as follows:

1. Reblading cost: The cost was given by the G.E.C. They are

continuing manufacturing 500 MW and 660 MW turbines. Therefore, 

the cost of reblading was based on actual costs and the uncertainty 

is  probably less than 1% which is  negligib le compared with the 

other costs.

2. Diaphragm cost: A sim ilar diaphragm was manufactured by

the G.E.C. to use the suction slots method to drain the collected 

water on the blade surface. However they were unable to give us an 

estimate for the cost of a new hollow diaphragm for blade heating. 

They suggested a factor of two between a conventional and a 

hollow blade; therefore a 50% higher cost has a considerable 

change of occurrence.

3 Coal prices: The description of scenario A in Appendix 8B seems

to represent an extremely optim istic outlook for the U.K. economy 

and is  therefore unlikely to be achieved. Therefore the percentage 

reduction in the NPV previously quoted (8% for case I and 25% for 

case I I )  must be regarded as very pessim istic.

4. Outage cost: I t  is  d if f ic u lt  to estimate the uncertainty of the 

duration and the cost of outage since although the base case data 

were given by the C.E.G.B., the G.E.C. doubted whether there would 

be any long outage time attributable spec ifica lly  to reblading.
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Therefore we assume that there is  about a 5% chance of the outage

cost being at or below the minimum figure (£2/MW h) and also a

10% chance of the outage time being less than 1\ weeks.

In th is section the p o ss ib ility  of these uncertainties is  defined 

in s ta t is t ica l terms such as standard deviation (SQ) and probability.

The s ta t is t ic a l analysis is an attempt to assess how the uncertainty in 

costs and benefits may affect the p ro fitab ility  of the investment.

Let us assume that the probability of occurrence of a particular 

value of a cost can be described by a normal d istribution having a mean 

equal to the value of the cost used in the base case. The sen sit iv ity  

analysis assumed an extreme, pessim istic value for the cost, and it s  effect 

on NPV has been calculated. The value of the standard deviation of the 

distribution of effect on NPV is  estimated by assessing how extreme was 

the value chosen, e.g. i f  the likelihood of a more extreme value occurring 

is  10% then the value is 1.25 standard deviations from the mean. For 

example - for the coal price, i f  i t  is  fe lt  that the chance of a price in 

excess of even scenario A is  about ^%, then there is  a ]s% chance of 

the NPV being reduced by £0.125m.

From any sta t is t ica l text book, a normal d istribution table shows 

that a 15.9% chance of being exceeded corresponds to one standard deviation, 

6.7% chance represents 1.5 Sq, 2.3% represents 2.0 Sq, 0.6% represents 2.5 Sq 

and 0.1% chance represents 3 SQ • Hence a £0.125m reduction in the NPV 

(Scenario A coal price) can be written in SD terms as follows:

£0.125m £ 2.5 SD

Therefore, (coal price) = £0.05m.

Estimates of standard deviation for the other costs are shown in Table 8.2.



TABLE 8.2

ASSESSMENT OF THE COMBINED EFFECT OF THE UNCERTAINTIES OF THE COSTS AND 

BENEFITS ON THE NPV OF THE 1982 PROJECT

Cost Extreme
case

Reduction of 
NPV due to 
extreme case 

£m

Likelihood of 
extreme case 
being exceeded 

(%)

Number of 
standard 
deviations 
from base 
case

Standard 
deviation 
of NPV 
reduction

S 2

x 1 0 " 3

Coal price Scenario A 0.125 s 0.5 2.5 0.05 2.5

Diaphragm cost Base case + 50% 0 .2 2 2.1 0.095 9.025

Reblading cost Base case + 50% 0.15 0.5 2.5 0.06 3.6

Outage cost £2/MW h 0.375 5 1 .6 0.234 54.75

Outage time 2\ weeks 0.5 10 1.2 0.416 173.05

£Sd 2 = 0.243; / z S p  = 0.492

0 5Therefore the number of S^ is  = 1.02

The corresponding probability is  15%.

rocn
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The standard deviation of a ll costs and benefits combined can therefore 

be determined by summing the variances (variance = Sp ) for a ll  costs 

and benefits and taking the square root. The probability of the 1982 

project having a NPV less than zero can therefore be found from normal 

distribution tables at standard deviations away from the mean.

Accordingly the probability is about 15%. This result means that the 

chance of p ro fitab ility  is 85%.

8.7 Discussion of the Economic Results

This study deals with the future, about which we can never be 

certain. The economic theory is  oriented towards accept/reject decisions 

based on a given set of conditions and assumptions. In fla tion  rate, 

discount rate, capital cost, coal price, annual operating hours, reblading 

cost and outage cost are a ll uncertain and they fundamentally affect the 

economic decision. Simple economic theory assumes certainty; best 

estimates for a ll the data are used in the calculations to arrive at a 

provisional decision. Then a ll the assumptions must be tested to find 

out the circumstances which might change the decision. Thus a decision 

can be made with more confidence that includes consideration of the 

consequences when important variables are different from those expected.

The economic decision is  based on the net present value (NPV) and the 

internal rate of return (IRR), both expressed as a function of the real 

rate of interest.

In fla tion  rose steeply in 1974 and 1979 because of the c r is is  in 

oil supplies and prices; these are mainly influenced by p o lit ica l 

considerations. Furthermore the growth in the world economy has been 

very low during the 1970s because there was fa ilu re  to make any sign ifican t  

improvements in the extent of co-operation between world countries. I t
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seems unlikely that future in flation  w ill rise  as steeply as before and 

i t  may well be kept in single figures because:

1. The price of o il is  currently nearly constant or slowly decreasing 

in the real terms.

2. United Kingdom and some other countries have recently become o il 

producers; therefore the supply and the price of o il is  more 

controllable than before.

3. A commercial agreement was reached recently between the producers 

and the consumers of o il;  this may lead to better co-operation 

between world countries.

4. The efficiency of power stations is continuing to improve so that 

the amount of fuel required is  going down.

5. Other demands for energy are not r is in g  as fast as they were during 

the early 1970 s because of the development of more energy- 

effic ien t processes, and projects to reduce energy losses.

6 . Po litica l and socio-economic reasons such as:

(a) Monetarist polic ies.

(b) New realism in wage settlements from improved management - 

employee co-operation, etc.

Therefore an average in flation  rate of I t  seems re a lis t ic  for the 

next 20 - 30 years. The real rate of interest in the long run can 

reasonably be assumed equal to 2%, i.e . the market interest rate is  s lig h t ly  

higher than the in flation  rate, giving a positive real rate of return for 

the investor.

Assuming certainty in the costs and the benefits of "'he. investment, 

profit would be expected i f  the decision had been made in the 1967 case
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and the 1982 case. The net profit of case I (about £lm in 1982 prices) 

is higher than that of case I I  (which is  about £0.5m in 1982 prices).

The yie ld  and the p ro fitab ility  index for the project in case I are 

higher than those in case I I ,  suggesting that the earlie r investment was 

the more attractive.

The revised figures for uncertainty in section 8 .6 .2d suggest 

a new economic decision. In case I the combination of the worst values of 

costs and benefits (excluding the p o ss ib ility  of outage time less than four 

weeks) w ill result in a reduction in the NPV of about 60%,and the p ro fitab ility  

index w ill reduce to about 1.1. Thus i f  blade heating had been adopted 

in 1967 a profit would be expected from the investment under a ll conditions.

In case I I  the combined effect of uncertainty in a ll costs and benefits 

has a low probability (about 15%) of making the investment unprofitable.

However this small chance of unprofitab ility  must be considered carefully  

when a project for a new power station is  being studied.

The blade heating method used in a turbine of a nuclear station  

would give better economic results for the following reasons;

1. The outage cost, which is  about 70% of the cost savings, is  

about three times the outage cost for a coal power station.

2. The running cost, which is  the fuel cost, forms about 50% of 

the total outlay cost. The published cost of nuclear fuel 

(relative cost/kJ) is  about 0.6 of the coal cost.

Figure 8.19 shows the distribution of the costs and the benefits 

of the blade heating in a nuclear power station and in a coal station, 

for a decision made in 1982. The economic results of adopting blade 

heating in a nuclear power station can be listed  as follows:
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Nuclear Coal

1 . NPV is  about £1 .5m £0.5 (in 1982 prices)

2 . PI is  about 3.5 1 .8

3. Yield is  about 23% 13%

The increase in the cost savings and the decrease in the outlay 

costs w ill resu lt in an increase in the NPV of the project for a nuclear 

station of about 3 times that for a coal station. Therefore the nuclear 

station gives better results (more p ro fitab ility ) in the economic 

evaluation A truly objective economic analysis cannot be made on a 

turbine in a nuclear station* since nuclear fuel costs are influenced by 

p o lit ica l and strategic factors (e.g. the production of plutonium).

The results show that i f  the decision to proceed with blade heating in 

a conventional station had been made in 1967, the project would be expected to 

be profitable, generating new wealth approximately equal in value about twice 

the original investment after repayment of that investment. I f  the decision was 

to be taken today, the element of uncertainty would have a great influence.

The analysis and sen sit iv ity  testing suggest that,

( i)  investment in blade heating for a nuclear station is  highly 

like ly  to be very profitable;

( i i )  investment in blade heating for a coal station in 1967 would very 

like ly  have proved profitable;

( i i i )  investment in blade heating made now for a new coal-fired station  

is  perhaps 85% like ly  to p-ove profitable.

I f  the increase in the efficiency of the last  stage is  taken into 

consideration, i t  means that the fuel cost would be very small and could be 

neglected. The net present value would therefore be increased by about 80%.
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Thus the chance of unprofitab ility in case I I  would be reduced to about 

0.1% corresponding to 3 Sp. Therefore, when Wgai-n (due to an increase 

in the la st  stage efficiency) is  taken into account, a decision taken today 

is highly like ly  to be profitable.

However the steam heating method may well not be adopted by 

manufacturers and generating companies although the economic results are 

encouraging. The reason for this is  that the payback period is  too 

long; the investor normally wants to see his return within a reasonably 

short period (i.e . less than five years) whereas th is investment requires 

him to wait fifteen or more years. A shorter payback period is  required 

because;

( i)  the longer the project is ,  the greater is  the uncertainty about 

economic data (particu larly the rates of in flation  and interest), 

supply and demand, po litica l influences and so on, and hence the 

greater the uncertainty about the final p ro fitab ility , and

( i i )  the investor w ill be unwilling to sink funds into a project i f  

his business might not survive long enough to be able to reach

the benefits.

Therefore a project of this duration would probably not be acceptable for 

a commercial company but i t  may be acceptable for a far-seeing public 

u t i l it y  since i t  is  able to make much longer term decisions.

The final decision on the economic value of blade heating for 

the control of erosion lie s  of course with the operating company. Their 

engineers must obtain and evaluate the latest data for the parameters 

described in this study and then assess whether the probability of 

p ro fitab ility  and length of payback are acceptable for their business.
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CHAPTER 9

GENERAL SUMMARY AND CONCLUSIONS

9.1 General Summary

The method of internally heating the L.P. turbine fixed blades 

to prevent erosion of the rotor blade was f i r s t  proposed in the late s ix tie s.

A number of experimental investigations, by using a simulation technique in 

order to understand the process of droplet deposition on the blade surface, 

have been carried out. However, no theoretical study concerning the 

Performance of the heating method has been made, up to the present time. 

Therefore a theoretical investigation has been undertaken in order to 

understand the physical, the mechanical and the thermodynamic properties 

of the droplets inside a real turbine when heating or cooling of the blade 

surface is  considered. In addition to this the experimental studies have 

also advanced the theoretical investigations in the fie ld  of wet steam flow.

The present work may be divided broadly into four parts:

1. Part One

This part consists of the f i r s t  three Chapters. A general description  

and presentation of the erosion problem has been given in Chapter 1.

Following th is , Chapter 2 involves a review of the previous work which are 

concerned with:

(a) Generation and size measurement of the partic les or droplets.

(b) The theories of evaporation and condensation between the droplets 

and the surrounding vapour.

(c) The theory of thermophoresis and it s  development.

(d) The mechanismsof deposition of the partic les or droplets on the 

blade surface.



Chapter 3 gives a brief review and discussion of the previous 

methods used to:

2 6 4 .

(a) measure the deposition rate of the particles on the concave and

convex surfaces of the L.P. steam turbine fixed blade;

(b) reduce or prevent erosion of the rotor blade.

Thus an extensive theoretical background and a h istorica l review of 

the existing methods for suppressing the wetness or preventing erosion have 

been presented in th is part.

2. Part Two

This part involves an experimental investigation (Chapter 4) into the 

generation and size measurement of particles and their deposition onto unheated 

and heated surfaces. Solid  particles were produced using an atomiser- 

impactor generator and samples of the particles were analysed using the 

technique of electron microscopy. S ta tis t ic a l analyses were undertaken 

and partic le  mass-median diameters 0.135 and 0.186 pm, corresponding to uranin 

solutions of 3% and 5%, were obtained. The geometric standard deviation 

of the particles varied from 1.4 to 1.5. The apparatus and the main 

experimental work were described. Two arrangements for the wind tunnel were 

employed in order to obtain two incidence angles (two turbine loads) for the 

flow which were zero (fu ll load) and - 15 degrees (part load). For each 

incidence angle the particle  size, the in le t velocity and the concentration 

of particles entering the blade cascade and in the test blade passage were 

obtained, after which deposition measurements were carried out on the unheated 

blade. The blade was then internally heated (the temperature of the surface 

was controlled by adjusting the flow rate of the heating a ir) and the 

^ p o sition  measurements were repeated. The experimental results of th is work
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were compared with those from Refs. (4, 15, 37). To predict the result 

of deposition on the heated blade the value of the thermal conductivity 

of the uranin should be known. Using a standard procedure, the thermal 

conductivity of the uranin was measured within the range of the test 

temperature (20 < t < 65°C) and was found to be equal to 0.43 W/m K.

3. Part Three

A theoretical investigation to predict the characteristics and 

properties of the vapour and the droplets inside the blade passage was 

carried out. This study was presented in Chapters 5, 6 and 7 as 

fo llow s:

(a) Chapter 5 involves the calculation and analysis of the geometry

of the blade passage, the re lie f of supersaturation, the developing 

of the boundary layer and the effect of laminarisation on the transfer 

of mass of the vapour between the potential and fr ic tio n  flows.

The flow was assumed to be one-dimensional, steady and to be a 

perfect gas. The free stream velocity was predicted, by using the 

isentropic relationship between pressure and temperature,by using 

the energy equation. A teledeltos paper technique was used to:

( i)  locate an estimated stagnation point;

( i i )  determine the d istribution  of the velocity, temperature and 

pressure along the free stream line on the concave and 

convex surfaces;

( i i i )  define the shape of the stream and potential lines inside  

the blade passage in order to sim plify the problem to one­

dimensional flow for the purpose of calculating the properties 

of the flow outside the boundary layer.



The re lie f of the supersaturation was found as a function of the 

size of the entrained droplets. The effect of the condensation 

shock at the entry o f the passage on the properties o f the steam 

(pressure, temperature, velocity and enthalpy) was also taken into 

account.

The turbulent flow along the concave surface was found to start  

before the entry of the passage, whilst i t  was found to sta rt at 

x/c ^ 0.1 along the convex surface. Therefore the flow inside 

the passage was considered as a turbulent flow since there is  a 

very short laminar flow at the entry of  the passage on the convex

surface.

Chapter 6 contains the prediction and analysis of the heat transfer 

from the blade surface into the wet steam flow. The size of the 

entrained droplets has a considerable effect on the amount of heat 

transfer from both blade surfaces. The reduction in the rate of 

heat transfer due to laminarisation was calculated. A formula for 

determining the adiabatic temperature of the wet steam flow was 

derived and presented in th is Chapter. The effect of phase change 

on the temperature pro file  inside the thermal boundary layer was 

checked.

Chapter 7 involves the theory of the behaviour of the evaporating/ 

condensing droplet along the hot/cold surfaces, inside the boundary 

layer. Dispersion in droplet size inside the boundary layer was 

studied in d e ta il.

This Chapter is  the main Chapter in the thesis since i t  contains the
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developed theory which is  used in the present work. This theory 

can be divided into a number of stages as follows:

( i)  The p o ss ib ility  of interactions between the droplets such as 

co llis io n , bouncing and mutual fracture.

( i i )  The growth or diminution of the fog droplets inside the 

vapour which is  dependent on the temperature difference between 

the droplet and the vapour (At f ). The theory of large 

droplets (d > 2 pm) was also taken into consideration since

i t  may be possible to obtain such sizes of droplet when
i

condensation is the dominant phenomenon.

( i i i )  The transfer of heat between the droplets and the vapour

was determined as a latent heat exchange between the two phases.

(iv ) The mechanisms of the movement of droplets smaller than

2.0 ym were studied and formulated into a mathematical model.

A new model for deposition of fog droplets from the turbulent 

flow was devised by considering the thickness of the diffusion  

layer to be equal to the thickness of the velocity boundary 

layer. The Van Driest model was used to define the eddy 

viscosity  (or eddy d iffu s iv ity  of the droplet).

(v) The effect of thermophoresis on the movement of the droplet 

was determined by using the empirical formula due to 

Talbot et al (79).

(v i) The combined effects of evaporation/condensation, diffusion  

and thermophoresis were formulated mathematically. The net 

deposition velocity was determined from equation (7.39) which 

can be solved numerically.



(v ii)  The numerical method was the same as that used by Ryley 

and Al-Azzawi (131) except the size of the cell inside the 

boundary layer and the temperature of the surface are not 

constant. This modification enables the present method 

to be used for predicting the deposition of the particles 

in the simulated method. The size of the cell can be 

adjusted to any selected size.

( v i i i )  The computer program was made from individually tested stages 

in order to be understandable.

4. Part Four

The final part involves the economic study of the steam heating 

method (Chapter 8). Information and data about the costs of the diaphragm, 

the rotor and the outage time were collected from the C.E.G.B. and the 

turbine manufacturer (G.E.C.). The ways of determining the interest rate, 

the in flation  rate, the operating hours over the l i fe  of the turbine and 

the prices of the coal were presented. The annual quantity of the coal 

for heating the fixed blade was determined from the following factors.

(a) The value of a practicable blade surface temperature.

(b) The value of the heat transfer rate from the surface of the blade 

in order to maintain the temperature of the surface as in (a).

(c) The efficiency of the stator, the rotor, the penultimate stage and 

the fina l stage in order to find the change in the output of the 

turbine due to heating the diaphragm.

(d) The quantity of recovered work when the additional steam from the 

boiler passes through the H.P., I.P . and the f i r s t  three stages of the 

L.P. turbines.
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The details of the operation of the heating were presented. Two 

economic methods: the net present value and the y ie ld , were used for 

appraising the investment in the heating method. Two decisions were 

examined:

( i)  i f  the heating method has been used in 1967 when the f i r s t  500 MW 

steam turbine was employed;

( i i )  i f  the C.E.G.B. used a new 660 MW turbine in 1982 with the heating 

method.

The time of employing the heating method had a great influence on the 

economic decisions.

9.2 Conclusions

The conclusions from the experimental and theoretical investigations 

can be summarised as follows:

1. The problems of growth or diminution of the fog droplets, diffusion  

through the laminar and turbulent flows and thermophoresis as a 

separate phenomenon were well understood. Davies (4) had calculated 

the deposition rate of so lid  particles due to the combined effect

of diffusion and thermophoresis. However no attempt had been made 

to study the combined effect of diffusion and thermophoresis on the 

deposition of growth or diminishing droplets onto the blade surface 

as may occur in the flow inside the final stage of a low pressure 

steam turbine.

2. Submicron particles with a low polydispersion in size and having 

a geometric standard deviation of 1.4 to 1.5 can be produced from 

the atomiser-impactor generator. The e lectrostatic charges aris ing  

within the aerosol cloud fed to the wind tunnel were minimised by
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means of the sonic-jet ion generator. Also the blade was earthed 

during the experimental running time to remove the remaining charge 

and the charge caused at the so lid /a ir  interface during the particle  

transportation inside the wind tunnel. The use of the mass-median 

diameter in the theoretical study appeared to best represent the 

size of the particle and produced good agreement between the 

theoretical and experimental results (Chapter 7).

The change in the total deposition of the particle  when the 

incidence angle was changed from - 15° to zero degrees is  not 

considerable. This is true for the present experimental work when 

the flow velocity is  low and the nature of the flow w ill not be 

s ign if ican tly  different from that of zero incidence angle.

3. There are more than one transition points along the concave and 

convex surfaces. Along the concave surface transition  from laminar 

to turbulent flow occurred at x/c = 0.3, 0.69 and 0.945 whilst 

along the convex surface i t  occurred at x/c = 0.1, 0.455 and 0.57. 

The laminarised flow is  considered as turbulent flow for determining 

the velocity and temperature profile . However, for the purpose

of heat and turbulence calculation, the effect of laminarisation 

was taken into account. The thickness of the concave surface 

boundary layer is  always greater than that of the convex surface.

4. The re lie f of supersaturation increases with the decreasing size 

of droplets generated by spontaneous condensation on the basis of 

constant wetness fraction (constant Wilson point). Supersaturated 

steam containing droplets with diameters less than 0.05 ym is  

restored to thermodynamic equilibrium before the throat of the 

passage. Thus the thermodynamic loss due to supersaturation
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increases with an increasing droplet size and i t  was found to be 

equal to zero when the in it ia l size of the droplets was nearly 

equal to or less than 0.01 ym since the supersaturation is  completely 

relieved shortly after the entry to the passage. The rate of 

increase of the supersaturation loss is  almost constant when the 

size of the droplets are greater than 0.5 ym, as shown in 

Figure 5.6.

I f  the nucleation takes place shortly before the entry of the 

passage the effect of the condensation shock on the properties of 

the steam, such as velocity, temperature, pressure and enthalpy is  

not sign ifican t. The increase in the pressure and the decrease 

in the velocity, the temperature and the enthalpy due to the 

condensation shock were found to be less than 0.2%.

I t  is  reasonable to assume the supersaturated steam to be a perfect 

gas. However the definition of the stagnation temperature for 

the supersaturation flow is  not the same as that for a perfect gas.

A new equation therefore has been introduced for the stagnation 

temperature of wet steam flow (equation (6.8)).

The effect of acceleration on reducing the transfer of heat from the 

blade surface into the turbulent wet steam flow is  very considerable, 

particu larly when the flow is  highly accelerated at the middle of 

the passage. I t  was found that a reduction of as much as 50% in 

heat transfer, below that typical of a turbulent boundary layer, 

occurs at x/c = 0.2 along the convex surface. The greater 

reduction in the heat transfer takes place at the throat of the 

passage, except for a very short distance on the convex surface only 

(0.15 < x/c < 0.28) where the maximum reduction occurs.
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There is  a possible second nucléation i f  the size of the droplets 

from the f i r s t  nucléation have a diameter greater than 0.5 pm.

The second nucléation could probably occur at or shortly after 

the throat since:

(a) the subcooling temperature has a maximum value at the throat 

AT$ > 37°C;

(b) i t  has been found by a large number of investigators that 

nucléation can take place only inside the divergent section.

Therefore the convergent section, which forms about 93% of the 

blade passage is  free from a second nucléation. In any case, 

in the present work the effect of a second nucléation can be 

neglected since the problem becomes very complicated and also the 

remaining length of the passage after the anticipated second 

nucléation is very short (about 7% of the passage length).

The amount of heat transfer from the blade surface into the flow 

is  increased by increasing the size of the entrained droplets on 

the basis of the same surface temperature. The total value of heat 

transfer from the convex surface is  about the same as that from the 

concave surface.

The droplets which are produced from nucléation are monodispersed 

in size inside the potential flow and are polydispersed in size  

inside the boundary layer. I t  is  found that inside the boundary layer 

larger droplets are generated near to the surface since the 

variation of the expansion rate (p) inside the boundary layer is  

sim ilar in shape to the velocity pro file . I f  the thickness of the 

boundary layer is  large compared with the height of the blade passage, 

the polydispersion in the droplet size must be taken into account.



A s ta t is t ic a l analysis was used to determine the average size of 

the entrained droplets.

The interaction between the fog droplets is  due to Brownian motion 

and eddies of the turbulence only. I t  is  found that no interaction 

can take place between droplets having a diameter greater than 

0.1 pm. However there is  a possible chance of interaction between 

the very small drop'let (d < 0.1 pm) due to Brownian motion along 

about 30% only of the passage from the entry. The most probable 

result of interaction may be coalescence. The effect of the 

eddies on the interaction in the present work can be neglected since 

the turbulence intensity was low, less than or equal to 2.2%.

When heating is  used the surviving droplets have a diameter less 

than 0.1 pm are far from the surface and are thus harmless 

i f  coalescence does take place.

Droplets smaller than 0.1 pm cannot survive inside the boundary layer 

when the surface temperature is  greater than the adiabatic 

temperature. The reason for th is is  that the available surface area 

for heat and mass transfer is  the maximum for the present range of 

the droplet sizes (0.01 - 1.0 pm diameter).

When the blade surface temperature is  nearly equal to the adiabatic 

temperature, droplets greater than 0.5 pm are deposited along the 

convex surface. The evaporation which takes place near to the surface 

has no considerable effect on reducing the rate o f deposition.

The reasons for th is are:

(a) Droplets near to the convex surface w ill not evaporate

completely but w ill produce very small droplets. These fine 

droplets possess high diffusion coefficient.
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(b) The concentration gradient near to the wall (inside the 

boundary sublayer) is  very high.

(c) The temperature gradient is  not very high when the temperature 

of the surface i s  not greater than the adiabatic temperature. 

Therefore the effect of thermophoresis is  minor compared

with that from the diffusion.

Thus in su ffic ien t evaporation leads to an increase in the net 

velocity (d iffusion + thermophoresis) of the droplets towards the 

surface.

14. On the concave surface, even when the surface temperature is  about 

equal to the adiabatic temperature, the droplets along the stream 

lines which are very close to the surface cannot survive. This 

i s  because: 4
7

dc(a) The local concentration gradient of the droplets (^p-) along 

the concave surface is  less than that along the convex 

surface, since the thickness of the convex boundary layer 

is less than that of the concave.

(b) The effect of laminarisation on the transfer of heat 

from the concave surface is  less than that from the convex 

surface.

(c) The local transient time along the stream line at the same 

distance from the concave and convex surface is  always higher 

along the concave surface. Therefore the droplets have more 

time to evaporate on the concave surface.

I t  was believed that reducing the size of the generated fog droplets 

by adjusting the position of the nucleation in the conventional

15.
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turbine might result in a reduction of the rotor blade erosion.

The present results indicate that th is is  true only when the size 

of the droplets can be reduced below 0.05ym m diameter, since 

thermodynamic equilibrium w ill then be restored shortly after 

nucleation and thus,

( i)  there w ill be no further growth in the droplet size;

( i i )  the low temperature difference between the vapour and the 

droplet near to the surface (Atg f ), due to fr ic t io n , is  

su ffic ien t to evaporate completely the droplets.

However, when the diameter of the created droplets is  in the range 

of 0.1 - 1.0 pm, the subcooling temperature (AT ) along the passage 

is always greater than zero. Therefore the smaller the size of the 

droplets, the greater the amount of vapour which w ill condense on 

the droplets. This results in a greater amount of water depositing 

onto the blade surface thus increasing the damage to the rotor blade 

by erosion. The reasons for th is process are:

(a) For the same in it ia l wetness fraction, smaller droplets have 

a greater total surface area for transfer of mass and heat 

between the two phases.

(b) Smaller droplets have a higher tendency for d iffusion  and have 

lower thermophoretic ve locities to push the droplets away from 

the surface on the basis of the same surface temperature. 

Therefore the droplets w ill acquire a higher net deposition 

velocity towards the surface.

The distance between the surface of the blade and the fog cloud base 

(i.e . the thickness of the dry layer) increases by increasing the
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temperature of the surface (tw > tQ) and/or decreasing the size of 

the droplets from nucleation. The minimum practicable temperature 

of the surface is  assumed to be that which produces a dry layer 

thickness which is  about equal to the boundary sublayer thickness. 

This temperature has been found to be equal to 80°C (i.e . about 15°C 

above the adiabatic temperature). Accordingly, the minimum amount 

of heat from the blade surface to the wet steam flow is  about 2.06 kW 

per meter of the blade length. The mass flow rate of the heating 

steam inside the hollow blade, as a percentage of the mass flow 

rate of the working steam, is  as low as 0.11%.

17. I t  can be concluded that using the entire thickness of the boundary 

layer for calculating the net deposition (d iffusion  + thermophoresis) 

velocity improves the theoretical deposition analysis. This is  

confirmed by the good agreement between the experimental deposition 

results of th is work and those due to Davies (4) and El-Shobokshy (37) 

with those from the theoretical work on an unheated surface. A

good agreement can also be seen between the experimental results 

of the net deposition rate and those from the present theoretical 

work on a heated surface; bearing in mind that the theoretical 

results due to Davies (4) are in poor agreement with his experimental 

results, since he used only the boundary sublayer for his 

calcu lations.

18. The simulation methods using so lid  particles in an a ir  flow through 

the blade passage for measuring the deposition rate of fog droplets 

on unheated and heated blade surfaces, cannot give entirely reliable  

and rational results for the real turbine. The reasons are as

fo llow s:
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(a) Evaporation or condensation from or to the fog droplets

(d ^ 0.1 ym) has a great influence on the rate of deposition.

(b) The variation in the values of the thermophoretic velocity 

and diffusion coefficient of the so lid  particles are 

dependent on the temperature gradient (-gi-) only, whilst 

those of droplets are also dependent on the variation of the 

droplet size.

(c) The properties of the wet steam flow are affected by the 

degree of supersaturation, the rate of transfer of heat and 

mass between the two phases and the location of the nucleation 

inside the passage. These factors are not present in the 

case of so lid  particles or with water spray droplets in a ir.

(d) The phenomenon of laminarisation is  very s ign ifican t in the 

real steam flow and i t  w ill not exist in simulated flow which 

has a low velocity. The laminarisation has a great effect 

on reducing the amount of deposited droplets on the blade 

surface.

19. . I t  has been found that there are many disadvantages in using suction

s lo t methods. These can be listed  as follows:

(a) I f  the hollow blade is  connected to the condenser, i t  means 

that the pressure inside the blade w ill be nearly equal to 

that of the condenser (i.e . 0.05 bar). The corresponding 

saturation temperature is  about 32°C which is  below the 

adiabatic temperature by about 33°C. This cooling process 

w ill result in more condensation and w ill create a 

thermophoretic force on the droplets towards the blade surface. 

Therefore the rate of deposition of droplets w ill increase
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dramatically as a result of increasing the net deposition 

velocity and increasing the concentration gradient of the 

water in the flow (concentration defined by yg/m^).

(b) I f  the nucleation creates very small droplets (d = 0.1 ym) 

the combination of the high level subcooling inside the 

boundary layer and the very large total surface area of 

the droplets results in a very large amount of condensate 

vapour and thus a higher deposition rate may be expected 

(Fig. 7.153). This may cause a reduction in the efficiency  

of the s lo ts, since they may be designed for a particular 

flow condition. Thus the reduction in the erosion achieved 

by using a suction s lo t method is  not as much as that which 

might be anticipated.

I t  can be concluded therefore that a suction s lo t method may not 

be effective unless a ll the possible conditions and properties of 

the vapour flow and the droplets are taken into account when 

designing the s lo ts. Furthermore, improving th is method w ill 

only have a limited effect on reducing the erosion and consequently 

on extending the l i fe  of the rotor. However employing the steam 

heating method can prevent any erosion by deposited water on a 

fixed blade by using only a very small amount of heating steam. 

Therefore, the steam heating method appears to be the most 

promising amongst the known methods available.

20. The analytical method here developed is applicable in principle to 

the flow beyond the f i r s t  nucleation wherever th is occurs. I t  

is  unlikely, however, that an attempt would be made to heat rotor 

blading and in any case moving blades tend to be se lf-dra in ing
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by centrifuging. Notwithstanding the suppression of coarse water 

generation which would occur after a heated fixed blade ring, i t  is  

unlikely that the beneficial effect of heating would extend much 

beyond the adjacent moving ring.

Any stator blade heating would be done by steam tapped from upstream 

in the turbine. I t  would be saturated or with a small degree of 

superheating at the pressure appropriate to the surface temperature 

required.

21. Investment in the heating method is  found to be economic over the 

l i fe  of the turbine when the long term values of the in flation  and 

interest rates were assumed equal to I t  and 9% respectively. Two 

cases can be considered:

( i)  I f  the heating method had been employed in 1967 for three 

existing power stations, Ferrybridge-C, Eggborough and 

West Burton, the C.E.G.B. might make a pro fit of about two 

times of the in it ia l cost (capital cost) when the future 

interest and in flation  rates are moderate (i.e . i = 9% and 

f"= 7% or the real interest rate is  2%). However, the blade 

heating method is  profitable for a wide range of real interest 

rate values. The practical range of the real rate of 

interest lays between - 5% and + 5% and the corresponding 

profit between about one to three times of the capital cost.

( i i )  I f  the decision to invest was made in 1982, i t  has shown

that p ro fitab ility  can be secured only when assuming certainty 

in the costs and the benefits of the investment and the real 

interest rate is  less than 5%. The project can make a pro fit

nearly equal to the capital cost when the rates of interest and
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in fla tion  are equal to 9% and 1%.

I t  can be concluded that the earlie r the decision is  taken by the 

C.E.G.B. to use the blade heating method, the greater the profit 

which can be obtained. I f  the decision was to be taken today, the 

element of uncertainty would have a great influence. However i f  the 

improvement in the la st  stage efficiency, due to heating, is  taken into 

consideration the project w ill be profitable under a ll conditions.

22. The efficiency of the la st  stage is  found to be increased s lig h t ly  

(about 0.2%) due to suppressing the coarse water on the fixed blade 

surface and decreasing s lig h t ly  the wetness fraction. F inally i t  

can be concluded that the steam heating method appears to be the 

best to prevent erosion of the rotor blade without economic risk  

and undue additional engineering construction.

9.3 Suggestions for Further Work

The results of the theoretical investigation indicate that the 

steam heating method can be used successfully in the early stage of the 

erosion cycle to prevent any deposition of the entrained droplets on the 

blade surface and thus prevent the erosion on the rotor blade. The economic 

results show that the proposed method is  fin an c ia lly  very attractive to the 

manufacturers and to the investors. However, before the idea can be 

strongly recommended for use in a production steam turbine i t  would be 

necessary to undertake an experimental investigation in order to verify the 

theoretical results. I t  is  recommended, for re liab le  resu lts, that the 

experimental work should be done on a real L.P. steam turbine since a ll the 

simulation methods in the fie ld  are not very accurate. A measurement of the 

turbulence intensity can be made to find the effect of laminarisation on the 

transfer of heat and mass inside the boundary layer and also on the deposition 

rate of the droplets when tw £  tQ.
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A theoretical and experimental investigation could usefully be 

undertaken to study the effect of a second nucléation on the droplet 

population and on the amount of evaporation or deposited water. I t  would 

also be interesting to:

1. Study the distribution of the sizes of the droplets, which are 

generated by nucléation, inside the boundary layer.

2. Study the effect of the variation of the blade incidence angle on 

the performance of the heating method. 3

3. Study the effect of blade curvature on the development of the

• boundary layer and on the movement of the droplets which are near 

to the surface.
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APPENDIX 5A

POHLHAUSEN'S AND THWAITES' METHOD

The method is basically an approximate solution of the integral 

momentum equation,

U2 d0
> 37 + (20 + 6^  U (5A.1)

By assuming a suitable form for the velocity profile the boundary 

layer thicknesses can be calculated.

Pohlhausen has assumed a polynomial of the fourth degree for the 

velocity function in terms of the dimensionless distance from the wall, 

q = as follows

■ j- = f(n) = an + bq2 + cr3 + dr^ (5A.2)

The boundary conditions for solving equation (5A.1) can be listed 

in order to determine the four constant a, b, c and d.

( 1 ) When y = n = 0

32u _ 1 dp - U
dUCO

"sr

( 2 ) At y = 6 or q - 1.0

u = u»

and = 0.0 , = 0.0
ay

Introducing a new dimensionless quantity X 

„2 dU

The following expression for the four constants can be obtained from

a = 2 +-g-; b = - c - - 2 + ■£•; d - 1 - ^  

and hence the velocity profile

tt- = (2n - 2n3 + n4) + 4 (n - 3n2 + 3n3 - n4 ) (5A.3)
Uoo

From the definitions of 6-j and 8 , the displacement and momentum 

thicknesses can be written in terms of X

51 _ 3 X . 9 1 ,37 X X2 .
T  = Tü " T2Ü’ T  = 63 '  T5 '  Wf>

is given by
0

(5A.4)

Similarly, the viscous stress at the wall, xw = p (gü)

pÛ 00

'TH (2 +r)

The momentum equation can be rewritten by multiplying the two sides of
a

the equation by gg-

Introducing a dimensionless parameter

32 dU
J  00

v dx

dUa

T x "

Tw9

(5A.5)

Therefore, k, H and can be written in terms of X as follows



3 A 
W ' 120 = f,(k)

37 A A7 ” 
THT ' P!T " W ?

and

w
yU (2 + A

945 " f2(k)

Hence the momentum equation can be written in terms of A

U „ § = F ( k )  (5A.6)

where

F(k) = 2f2(k) - 4k - 2kf1(k)

Equation (5A.6) is a non-linear differential equation of the first order

fl2
for z = 2—  as a function of the current length co-ordinate x. The form 

of the function F(k) is complex and Thwaite has plotted F(k) against k.

He found F(k) can be approximated quite closely by the straight line

F(k) = 0.47 - 6k

In this manner equation (5A.6) reduces to

UCO
dz
Hx = 0.47 - 6k (5A.7)

From the definitions of z and k equation (5A.7) can be rewritten as

62 0.47v
x

U 5 dx
00

0

(5A.8)

The solution of equation (5A.8) is not complicated and gives the value of 6

along x and then k can be calculated. The values of H, A and f2(k) are
- 301 -

l i s t e d  i n  m any f l u i d  d y n a m ic s  t e x t  b o o k s .

For flow with zero pressure gradient, equation (5A.8) can be 

simplified to

8 =  0.68 (5A.9)

dU
The other parameters can be calculated by setting = 0.0.
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APPENDIX 5B

THE HEAD ENTRAINMENT METHOD

The method was employed to predict the turbulent boundary layer 

parameters. The boundary layer parameters at the inlet to the turbulent 

flow should be known in order to predict the distribution of 6 , 6 and 

along the x-axis. Head has proposed a solution to the problem by the 

simultaneous forward integration of the Von Karman momentum integral equation, 

which can be written

du _ Cf /u . p\ 8 dU°° ('
Hx '  T  '  (H + 2) r  -H3T ( 'CO

and the entrainment equation, an expression for the streamwise rate of 

change the mass flow thickness

dA _ r
37 = C

A dV
TT'ar* where A = H-| (5B.2)

Equation (5B.2) can be written in terms of H1 and shape factor, H

dH1
“3x" = Cr -

Q dll0 00 \
E * »i (T  - (H + 1) ÿ - - ^ ) (5B.3)

To integrate these equations it is necessary to express the parameters 

H, CE and Cf in terms of ^ , 8 and the local properties of the external flow.

1. Skin friction relations

Head has employed the empirical of Spalding and Chi to define the 

skin friction of flow with zero pressure gradient Cfo

- 0,012
fo " log10 {Re0 - 0.64) 0.00093 ( 5B.4)

- 303 -

zero pressureThen, taking the Clauser shape parameter for flow with 

gradient HQ ,

H0
(1 - 6.8/-£)

(5B.5)

For the flow with pressure gradient Cf is no longer a function of Reynolds 

number only. The formula of Ludwig and Tillmann was adopted to define 

Cf in terms of H and Re0

c
( A  + 0.5)(tt- - O.A) = 0.9 
“fo Ho

5B.6)

2. Entrainment and shape parameter relations

The Head empirical correlation between C£ and H1 was written as 

-0.6169
C£ = 0.0299 (H1 - 3.0) ( 5B.7)

The relation between H and H-j was derived by Coles and can be 

written as

________ 0.915

H = 1 + 1.12 (H, - 2 - /(H, - 2 )2 - 3)

1 1 
ÏÏ^T? ÏÏ75TF

H1 = 2 + 1-5 + 0,5 T̂7T7̂

(5B.8)

(SB.9)

Therefore C^, CE and H can be defined in terms of H-j and substituted in 

equations (5B.1) and (5B.3), after which only two unknown 8 and H-| are 

available for two equations. Equations (5B.1) and (5B.2) were solved

numerically by using Range-Kutta method.
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The values of Cf and 6 were corrected for compressible flow, since 

the Mach number exceeded unity. The expressions can be written in forms

e.
where F. = 1 + 0.056 M

and
(Cf;,

Of r me. c = / i  + o.2 M2where F
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APPENDIX 5C

ACCELERATION PARAMETER

The integral momentum equation can be written in the following

form

de r,H + 2 
Hx ffH + 21H'U— )

L. oo

dU -,OO

W
P u

(5C.1)

P»  Ua>
Multiplying equation (5C.1) by ” and re-arranging yields

dRen Re. dU t

(50.2)

The shear stress parameter e and the pressure gradient parameter r 

are given by the following equations

P „  U 2

r _ 6 dU“> Re 1/4 
r " TTTx Re0

(5C.3) 

(5C.4)

Multiplying equation (5C.2) by Re01/i4 and substitution of equations (5C.3) 

and (5C.4) gives the following alternate form of the momentum equation:

dRee5/4 5 P- u. rCe - (h + l) r] I5C.5)

The group of terms inside the brackets in equation (5C.5) was found to be 

dependent on r and can be expressed as follows:

| [ e - ( H  + l ) r ]  = 0.016 - 3.55 r (5C.6)
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Substitution of equations (5C.6) and (S C .4) into equation (5C.5) yields 

the equation for the momentum thickness Reynolds number distribution in 

the nozzle:

dRe, 5/4 Re 5/4

ax + 3.55
dUoc

s r = 0.016
P u

(5C.7)

Equation (5C.7) can be readily solved for the change in Re0 with 

distance x to give

dRer . U « m e  6 _ 4 00 ,0.016 Vco dUoo
3 .55 Ree (5C.8)

dRe0
In highly accelerated flow in a nozzle -g^- attains a negative

value thus indicating a reduction in ReQ with increasing distance x. If

the value of ReA becomes sufficiently low, laminarisation of the boundary

layer is postulated to occur. The critical Reynolds number at which

laminarisation occurs will be assumed equal to the critical value for forward

transition on a flat plate (Refl) £ 360 or (Re0) £ 300 in the present
0 crit crit

work. After substitution of (Ren) into equation (5C.8) the critical
° crit

Vo dÛ
value of acceleration parameter L = — 2 ~S>T can de ca^cu^ated*

ôo

The critical value of L was found to be equal to 3.9 x 10 ^ in 

this work.
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A P PE N D IX  6A

HEAT TRANSFER INSIDE THE TURBULENT BOUNDARY LAYER

The method for calculating heat transfer through a turbulent 

boundary layer with a variable free stream velocity and wall temperature 

was suggested by Ambrok. Ambrok's method involved the solution of the 

integral energy equation only. The energy equation (equation (6.11)) can 

be written in the form

where and have been defined in section 6.5.

For constant free stream velocity and constant properties; 

dU dp d (t - t )

Kx a r ------- cTx------°-°*

hence energy equation can be reduced to equation (6 .12)

%" dA2
pU„ CP (tw - U  =_35T (6A'2>

The first group of terms on the left side of equation (6A.2) is the definition 

of Stanton number, St. Therefore equation (6A.2) can be rewritten in terms 

of Stx as the following 

dA„
Stx = (6A.3)

Equation (6A.3) is valid only for flow with zero pressure gradient and 

constant properties of the flow.

It can be started with some convenient expressions for heat transfer 

through a constant surface temperature, constant free stream velocity boundary

- 308 -



layer, in order to s im p lify  the energy equation to a p racticab le  form for  

ca lcu la t in g  the heat rate into  a flow with variab le surface temperature and 

free stream velocity. The constant surface temperature, constant free stream 

velocity Stanton number can be expressed in the form,

Stx = C Rex"n (6A.4)

where C and n are constants.

If equation (6A.4) substitutes into equation (6A.3) and integrate 

along x yields

A2
C Um'n (1 - n) 

' v‘n Xl ' n
(6A.5)

Therefore, Stx can be defined in terms of the Reynolds number based on 

rather than x.

St = C (1 -
T

'n -
Re. (6A.6)

and thus St in equation (6A.6 ) is expressed in terms of local parameters 

and is not associated with plate length. The fundamental assumption of 

the method is simply that this relation is valid regardless of any variation 

in free stream velocity, surface temperature and fluid properties.

Equation (6A.6) can be written in terms of the local surface heat flux and 

substituted into equation (6A.1). After some algebraic manipulation the 

following differential equation results:

(t - v w

, I v
,ll - n̂ dx = djjl̂ Aj, (t -tV w .)]
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(6A.7)

In teg ra tion  o f  equation (6A.7) between zero and x, and su b s t itu t in g  the 

d e f in it io n  o f S t , y ie ld s

(»W • ‘J  G°o dx
0

where C = 0.0295 Pr‘° -4, Pr = 1.0 and n = 0.2.

Thus

St = 0.0295 - x - x

(t - t )'  U| CO ’

0.25 .0.2

r 1.25

] - O  G» dx
0.2

(6A.8)

Equation (6A.8) was used to calculate the surface heat flux along the blade 

surface.

The value of Stx from equation (6A.8) was corrected for laminarised 

flow as follows:

(Stx)co = F* Stx (6A-9)

where F^ is the heat transfer correction factor and can be defined by

h  -  > - ,K

The turbulence in the boundary layer covering any fixed point along 

the surface is apparently generated from the surface at various points 

upstream. Thus the Stanton number depression incorporated in the factor 

may be observed for some distance after acceleration has ceased, and F^ should 

be evaluated about (100 - 200) momentum thicknesses (6) upstream of the point 

of application.
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A P P E N D IX  7A

DETERMINATION OF THE LATTICE RATIO

GEOMETRY OF LATTICE RATIO

•3
Volume of complete liquid sphere = g  for spheres in contact.

3
volume rhombohedron _ 1 _ 6k D

Thus volume Tiquia TT7T '

For touching droplets R = = 1

Whence
1 _ 6k 

0.74 " it

Therefore k = 0.71.

For small droplets, diameter d, situated at each lattice point, for 

wet steam mixture,

3 d3
Mass of vapour = (0.71 DJ - ig-) pg 

id3Mass of liquid = -g- pf

- 311 -

D r y n e s s  f r a c t i o n ,  x = ______ mass o f  vapour___________
mass o f vapour + mass of liquid

Therefore x
(0.71 D3 - l  d3) Pq 

(0.7! DJ - £  dJ) pg + * d3 pf

Setting R D
= cT, and re-arranging equation (7A.1) gives

R 0.9
fpg - *(Pg - Pf)
L —  (T - x) Pg ]1/3

(7A.1)

(7A.2)

For low pressure pg « Pf and p^ n, 1000 kg/m , whence equation (7A.2) becomes

R = 9
0  - pg

(7A.3)
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A P PE N D IX  78

EQUATION OF PHASE CHANGE

In the range of molecular regimes, the mass transfer is connected 

to the kinetic theory. The calculation is based on the number of molecules

reaching the droplet or the number of molecules leaving the droplet N^.

These numbers can be formulated from the kinetic theory of gases:

/ 2tt m kR T m B g

"mf
P(ff>r)

/ 2 it mm kg Tf

(7B.1)

(7B.2)

The net rate of increasing or decreasing the droplet mass is given by

dm
it

A (a m N - af m N ,) p 1 g m mg t m mt
(7B.3)

where ag = accommodation coefficient of condensing the molecules vapour

af = accommodation coefficient of evaporating the molecules liquid

m = mass of a molecule m 2
A = surface area of the droplet = 4nr 
P

The values of a and af are not far from unity. From Clapeyron's equation, 
9 t

p = pRT and equation (7B.1), it can be obtained

/ W T
"'m ^mg ” T  pg /  tt

1

Similarly, the term Nmf mm can be determined as

Nmf mm = ?  p

/5rT 
f /  F
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(7B.4)

(7B.5)

By substituting equations (78.4) and (7B.5) into equation (7B.3) gives

dm 2 m—  ■3Ï= r ÆSr (7B.6)

Using Clapeyron's equation and re-arranging equation (7B.6) to obtain

dm 2 /Sir
iï= r /nr

P£ P(Tf,r)
(7B.7)

Equation (7B.7) is valid for droplets with radius (r) less than the 

mean free path {1 ') . For a wide range of Knudsen number (Kn = i ' / Z r ) ,  

equation (7B.7) should be modified by multiplying it by a correction factor, 

or Cunningham correction. There are many expressions for the correction 

factor, and in the present work, Young (116) has derived the phase change

equation, and found the correction factor to be ,--- rV-p— • Therefore

the final form of phase change equation can be obtained by introducing 

the correction factor,

dm _ r2 Kn /Sv pg P(Tf*r) 
W  = r +  2.'7 Kn / T T  [ " " 7 P ~ (7B.8)

and thus, equation (7B.8) can be applied for all ranges of Knudsen number.
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A P PE N D IX  7C

THERMOPHORESIS IN DIFFUSIONflL DEPOSITION

(a) Laminar boundary layer

The mass transfer equation is given by equation (7.36)

N = D %  + VT C

which can be written as

dc _ dy 
N - VT c = TT

to be integrated with the boundary conditions:

c = 0 at y = 0 

c = c at y > 5r
œ J C

where &c = 6 , the concentration boundary layer thickness 

6 = the hydrodynamic boundary layer thickness

dc f dy 
fl' - Vx c ' I T

_  L co ̂in ( N -  VT  c )  J  = J

In = (1
VT cI » VT S

■) = - n r

VT VT 6
v---  = 1 - exP (--- if- )
net

“n e t ------------- V7 T "
1 - exp (- — it— )

(7C.1 )

(7C.2)

(7C.3)
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where V ^ = —  = the net deposition velocity.

(b) Turbulent boundary layer

Equation (7.38) which describes the mass transfer with 

through the turbulent boundary layer, is:

N = (D + ep) %  + VT c

which can be written as *

dc _ dy 
N - Vy c “ D + e

to be integrated with the boundary conditions:

c = 0 at y = 0

c = c  at y = 6. = 6  
00 J c

dc
TT - 1 ~ c

■ ÉL -Ü+T

After the integration, it becomes

and therefore the net deposition velocity can be defined as

net T°

1 ' 6XP Vt I lr%)

thermophoresis

(7C.4)

(7C.5)

(7C.6)

(7C.7)
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The droplet eddy diffusivity (ep) is equal to the flow viscosity (e) 

which can be defined by using the Van Driest model

ep = e = 0,4 y 1 -
{yu* (30.175 T +f) exp t * --------

v U
where r = the pressure gradient parameter = — ^

U 3

dUCO

~Sx

(7C.8)

Substituting equation (7C.8) into equation (7C.7) yields

net

1 - exp *, r _3jl
o D + 0.4 y {1 - exp(^u* r + 1))}

(7C.9)

Equation (7C.9) can be solved numerically to calculate the net deposition 

velocity (Vnet).
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o 
o

Ci: = CF'.; n  -F IC
ACF : r  2) = CFT + K0O. 0 C
7 E X • [; £ *X ' V ;i
L r-M-= EGj- r FT*0 E* *2)
Ll = 1. OftV" /!!SH
i r = vj*o V 1)02/ (" ' 1** J)
ACL " 2 ) = )T * 1.0S03
IF ( 2. n0. 1) o f. = 0.12*0 E
L F ( '*■ •2) OEF == 0.0 1*US
Tt( , • 7) M S a ~ = 0.000 3* n =
IT- (’¿.r-> T  # 9) 1 Ei '= 0.0 CO 1 * OE
IE (' . '7 40) ME; =U. 000 0 1*UE
7 F ( 2. ■'1 . )1 ) OL! c = 0.0 )00 01*0
IF (' 2. *1.*) 2.) 0Er 5=0.0001»DE
CS 1112 • 3=2, bC J 
J5=-3-1
Y 33 (T3) = 7I .  J-.-06*J5 
YB3 (r5) = Y 11(33) + 0- HA'!:
I F (Y3 3 (T3) . LS .DL) 01 1 (C3) =00 H*Y 11 (15)
I F (Y 3 i ( .3) . IT. DL) 0 1 1 (i6) =0? H* (2.3*ALuG (Y H 3 (Tb) - 3. 3) +3. 30 92 I )
1 F ( (0E-IJ1 1 (.13) ) • LS . US! h) = Y 3 3 (.13)
1 f ( (!' S-01 1 (33) ) .OE; H) :0 1113

1112 CC’l-T'T. 3 r
n i 3  c c ' r ' r ' i n R  c-

ALI . ('2) -‘11.7*1000.0 C
A 2)" ! ' i C
A FEX("2)='SC* 1 . CE-Ü3 
A D2 (r 2) =V (1 ) * 1 . OSO 4 /J! 2r AC 
A HF (r 2) = 1P 
131 ( 1) = T T -i ( ~ 2)
1 1 1 ( 1 1 = 5 .  1 S - G 7  
L 11(1)=0.oi
Y 22 (1) =2. 3S-03 
1 1 1 ( 1) = T C 4 ( 7 2)
C EV X = 7. i : 1
H S i i 7  = Z5- ' C'  c
1C00=ZER'
S CM VT = 2 E'C1 
£ VN ,':" = ZS' !'i 
i  M  T G = Z  ES n 
£ 0KV7 = Z ESO 
£ T' A D= ZET 
1 S VAP = ZE“‘.'>
CG 14144 5 = 2,30 
K = L -  1
Y 1 1 (I,) =3. i)2-06*Y
7 11 (L) = 7VW (P2) + (TO-TTW (S2) ) * (1111 (L) /!J£) ♦ (TE-1 Ü) * ( (U11 (L) /OE) **2)
C D l  D P Y  = ( 7  11 ( L ) - 1 1 1  ( 3 ) )  / 5 . U E - Q 6  
i f  ( ( Y 1 1  ( I  ) - D L )  . L T . 5 . O E - O b )  D T C Y D L = D D T Ü D Y  

1K 4 4 CCNTr’-'OE

3 2  3

n 
n

I I V 1 D 2 N G  T H E  E O U N D A F Y  L A Y E P  I N ^ l  E 3 C T A N G O L A S  C E L L S  A ND L 0 C A 1 I N 3  
1 1 E F L C 4 P R O P E R T I E S

C O  3 1 = 2 , 6 0  
J  = 7 -  1
K 6 6 ( J ) = P 1 1 (  3 ) *  I  E E E
Y 1 1 ( r ) = 5 . 0 S - 0 6 * J
Y 2 2  ( J )  = Y 1  1 C )  - 2 . 3 E - 0 6  
Y131 ( X — 1 )  = Y 1 1 ( 1 - 1 )  * U 3 H / V E
Y B 1 ( 2 ) =  Y 1 1 ( I )  ♦ O S H / V H
1 1 1 ( T ) = T ^ W ( 7> 2 ) *  ( 1 Ü - 7 T W  ( I  2)  ) * ( 0 1 1  ( I )  / U E )  + ( T E - l O )  *  (  <U 1 1 ( T )  / U E )  * * 2 )
U L =  / .  fl *  US H
T L = ? ~ 4 ( S ? ) + ( T  C — l ' T’ W ( ? 2 )  ) * ( U L / U E )  + ( T E - 7 0 )  *  ( ( ' J L / U E )  * * 2 )  
i F 1 = 0 . 8 5 7 1 4 2 0
C U D Y =  ( 0 1 1  ( L )  - 0 1 1  ( J )  ) /  ( Y  1 1 ( I )  - Y 1 1  ( J )  )
D ^ D Y  ( .1)  = ( m1 1 ( I )  - T 1  1 ( J )  ) / 5 . 0 E - 0 6  
A A A = E C P  (Y 2 2  ( J )  *11SH / (2b . 0* V E ) )
XLE=0.4 * * 2 2  ( J ) *(1 . 0 - ( 1 . 0 / A A A ) )
Et* = ( X L H * * 2 )  * D 0  DY *EM EC 
h H = E M
1 3  1 ( I ) = T 1 1 ( T )

- C A L C O L A ’’' T M  O f  T H E  K A T S  O F  D I M T N I S H  I N G  OP G ? C * T H  O F  T H E  D R O E I E T S  
I N  F A C H  C E L L

T A V  = 0 . 5 * ( T S  1 ( 1 - 1 )  + T S 1  ( t )  )
L AV = 0 . 5 *  ( 0 1  1 ( T - 1 )  + 0 1 1  ( I )  )
X E S C = 5 . O E - O b * D X G P
M F P ( I - 1 ) = 3 2 . 2 2 3 f c 2  7 S - 0 S * D Y N V * S Q R r ( T A V )  / P ( F 2 )
I F  ( E b b  ( 1 - 1 )  . L E . Z E I G ) K N N ( 1 - 1 ) = Z E f t O
iF ( r- 6 b  ( T - 1 )  .Gl .ZEFO) KNit (1-1) =MFP(I-1) / (2 .0*H 1 1 ( I - 1) )
I P T ’ M ( J )  = D X G P / 1 J A V
T F  ( I  6 6  ( I -  1)  . L E . Z E ? 0 ) C 1 1  ( 1 - 1 )  =  Z E S O
I F  C = 6 6  ( T - 1 )  . G l . Z E F 0 ) C 1 1 ( 1 - 1 )  = I N T  ( 3.  5H 1 E -  1 1 * D X G P / ( ( R A D I N * *  3) *V 1) ) 

• C A L C P L A T T O N  O i  T H E  E F F E C T  O F  B E T N E S S  ON T H E  I f c MP E R A  1 Oh E P R O F I I E  
CC 12 K 1 = 1 , 5
T A V = 0 . 5 * ( ? 5 1  ( 1 - 1 ) + T S 1  ( I ) )
I F ( r 6 6  ( 1 - 1 )  . L E . Z E P O ) D P D X = Z E R O  
S S S ,' =  ( 1  . 0  / S O R T  ( T A V )  ) -  ( 1 . 0 / S Q R T  ( " T S S )  )
U 01111 = UA V* (1.0 + 2. 7*KNN (J) )
IF (Bb6 (I-  1) . Gl • 0. ) D3DX= ( (4. 9 52*KN N (J) *P (F2) ) /D(IUU) *SS£S
CE=DRDX*DXGP
R11 (J)=B11(J)+DP
S66 (J)=EEE3*R11(J)
IF (R66(J).LE.ZEFO) R11(J)=ZEBO 
IF(°66 (J).LE.ZERO)PAC1=ZEE0
2F(R66(J).31.ZERO)F AC1 =4188.8*C11(1-1)*V1*F11(X-1)**3 
SETFN(J)=PAC1/XSEC 
DHBTF=WETF(J)-WETFN(J)
A«DOT>c= (2.0/3.0) *5.0E-06*0E/V1 
MEVAP (J)=D3ETi*AMD0TC 
QSVAP(J)=MSVAP(J)*HFG(R2) *1000.0 
CEVX=0EVX+QEVAP(I-1)
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i F ( y 11 ( T i .¡jE.ni) iG2=Tn (i)
’F ( Y 1 1 ( T ! . - 3. DI ) 1G2 = TS 1 ( 1) - 0 EV X*ï 11 (Z ) / K T H 
1F (MJ.' 1 (I)-"G2) . LE. 1.0E-0 3) GO TO 13
7S1 r) =î'':î

12 CCN1’T”'1E
«E'rp (.1) = W B? F N (J)

C
r-----Df/r’!'1TNTl. 1 ThE ’’OSSiblLlTY OF DROPLET COLLISION

TF (> hb ("- 1) .0 ?. ZERO) KKN (T - 1 ) = RFP ( I- 1 ) / ( 2 . 0*F 1 1 ( 1- 1) )
UK= 1. IR1E-23
TFC'F'i(.j) .G?.ZERO)31(0) =222. 22*111 (J) **2
I t I bb (.1) . IT.ZFJr-0) LMP (j) = .), bODE- 1 1*30RT (F 1 1 (J) *ÏSAT (F/) ) /DYNV 
I F  ( * 6 b  ( T - 1 )  . L E .  Z E R O )  " : ' F  ( I )  = Z E R C  
1 F r  6b (J) . - i l .  ISSO)

1 CET:'T' (J ) = 1 1 . 0*f 1 1 (J ) * ( ( ( 1 - M  ETF ( J )  ) *V 1  / w a r F ( J )  ) * * 0 . J 3 3 J 4 )
3 F C bb ( 1) -CI. 0.0) I OLD ( J )  =!>DnCr (J) / (2.0*P 1 1 (J) )
ÏF ( ;bb (.1) .G £. 0.0) B P Ml FD ( J) = F MF ( J) / (2. 0*R 1 1 (J) )
I F ( <66 (.1) . L S. VISIO) RD?D(0) =1.0 
l?(*6b(0) .-13. Z ESO) RPRFPD (!) =1.02-0.)
IF ( 3 fi 6 (J) .LS. LE FO) DCPuP (I) = 1.0 E-10
IF ( B 6 6 ( 0 ) . G T. ZERO) R DDF S F (.1) =DD?OP (J) / PF? (J)
IF P  66 (I- 1) .LE. ZEFO) F DDL MF (I) =1.0 
IF (I 6t> (1-1) .LL. ZEhO) FL = ZLHO 

C
C --------------- C AL CU LA ? T  o.J OF i  h ï  DIFFUSION C O E F F I C I E N T  C F  T  H B F O C  D k O ° L E T S
C

1 F ("SC (.1) . ;T. ZF'O) F t = 1. U + KNN ( J ) * ( 1. J') d+0 . 173*EXF (-0. 7bO /K N N (0) ) ) 
IF (~bb (T- 1) .CT. Z F PO) DJFFC=BK*T11 (I) *FF /( 1H. b<4bb5b*F 11(I-1)*DïkV)
I F r<bb ( I- 1) .LI. ZEFO) DI F FC= 1.0E-Vi 
A DIF F(T-1) =D3FFC*1.0E15 
1F (K 6b (T-1) . LF. Z El- O ) DIF Fc= 1. OE - 1 b 
1 F ("66 r -  1) .LF..ZSI O) KtlH (1-1) = ZR?0
DE??.r MT ST F J TUS N FT DEPOSITION VELOCITY OF TEE DBOF LET DUE TEE 

C CCMßT’ED EFFECT OF DIFFUSION ( BROWN!AN»EDDY ) AND THERMOPHORESIS
C

E I - 8 n  = 1 .  Oi l - 0  b 
NL7_m:t t=0 
i F A r L = 0
Y 1 1 (1 + 1)=Y11 (I) +5. OE-Ob
Y 11 ( 1 + 2 ) = Y 1 1 ( 1  + 1 ) t b . O E - O b
IF ( Y  1 1 <T ! . L E . D T ) E N T l G = 2 t  TIG♦ DO 1 A U F ( Y 1 1 ( I ) , Y 11 ( 1  + 1)  , E I S E , N , 8 E l  E BP 

1, FUN9, KLTmIT,t f m l )
I F  { Y 11 ( I )  .  Î T . D I  ) S K T I G = £ N ï I G  + D O U H F  ( Y 1 1 ( I )  ,  Y 1 1 ( ! ♦  1)  ,  E P S H , N ,  8 E L E 8 F  

1 / F U N 1 0 ,  S L I M I T , I F A I L )
KG1=.010 
KPl=.b30 
C C - .  8 n 
C C F  = 1 . 1N 
C C T  = 2.1 8
c c * = l . 1 b

c
c 3 2 5

o 
o

A A = 1 . 2
E F = 0 . 4 1
A EH ( 1 - 1 ) = E K
A E M 6 0  ( F 2 )  =  AEM ( 1 1 )  OVE
A E M 1 0 0 ( F 2 ) = A E M ( 2 1 ) / V S
A ER 2 8 0  ( F 2 )  = AEM ( 5 7 )  / V E
IF(Lbb(J) .3T.0 .0 )FAC2=2. 0*CCS*VE* (KG1/KP1+CCÏ*2.0*KNN(J) )
I F  ( ’<6b ( 0 )  . G T . Z E R O ) F A C 3 = 1 . + 2 . 0 * K N N  ( J ) * ( A A + B B A Í X P ( - C C / ( 2 . 0 A K N N  ( J ) ) ) )  
I F  ( F 5 6  ( 1 - 1 )  . L E . Z E R O ) F A C  3 = Z E R O  
F A C U = D T D Y ( J ) / T 1 1 ( J )
F A C 5 =  1 • 0 « - b .  0 * C C M * K N N ( I - 1 )
F A C b = 1 . 0 + 2 . 0 * K G 1 / K P  1 + U . 0 * C C T * K N N ( I - 1)
I F  (- 6 b ( 1 - 1 )  . G l . Z E R O ) AVT(J) = FAC2*FAC3*FACU/ (FAC5*FAC6)
S U R V " , = S U R V r  + A V T  ( J )  * 5 . 0 E - 0 6  
A V T  ( J ) = S n r V T / Y 1  1 ( I )
I F  ( 3 5 6  ( l - 1)  . L E . Z E R O ) A V T ( J ) = 2  ERO 
A V V X  = - A V T  ( .1)  O E N T I G
I F  ( ’>65 (.1)  .  G T .  Z E R O )  F A C 7 = 1 .  0-EXP ( A V V X )
C P U V = 7 . 1 b 1 0  7 2 b E - 0 6  / ( ( F A D I N * * 3 )  * V 1 )
I F  l '  b 6  ( J )  . G T . Z E B O )  V V V ( J ) = A V T  ( J )  / F A C 7 
I F  ( ° 5 6 ( 1 - 1 )  . L E . Z E R O ) V V V ( J )  = Z E R O  
S V S E T = S . O E - 0 6 * V V V ( J ) + S V N E T  
V N E T  ( R 2 )  = V V  V ( J )
V E L T  = A V T ( 0 )
I F  ( - ' 6 6  ( J )  . L E .  Z E R O )  Y E V A P  = Y 1 1 ( 1 )
I F  ( S b b  ( J )  . L E . Z E R O ) T E V A P = T E V A P + ( D X G P / U 1 1 ( I )  ) * 5 . 0 E - 0 6  
I F  ( T E V A P . E 2 . Z E F O ) T S V A P = 1 . 0  
S F A U = S R A D + F 1 1 ( J ) * 5 . 0 E - 0 6  
R N E T = S P  A D / Y 11 ( I )

5 C O N T I N U E

---------------C A L C U L A T I O N  T H E  H A S S  M E D I A N  D I A M E T E R  O F  T H E  D R O P L E T S  I N  E A C H  C E L L

C
DO b 1 2 = 1 , 5 7  
J  2 = 5 9 - 1 2
DN 1 (.12) =7NT (C11 (J2) *VVV (02) *TRTIM (J2) /5.0E-06)
IF ( R66 (02-1).LE.ZERO)GO TO 662 
CCCC=C1 1(J2-1)+ DN1{J2)
EBBB=ALOG10(HI 1 (J2))
BEBB1 = ALOG10(R11(02-1) )
ALRG=(DN1 (J2)«BBBB+C11(J2-1) *B8BB1) /CCCC
A L S D= SQRT ( (  (Cl 1 (02-1)* ( (BBBB 1-ALRG) * *  2) ) ♦ (DN 1 (J2) * ( (BBBB-ALRG) **2) 

1 ) )/CCCC)
H G = 1 0 . 0 * * A L  HG
ALPH3=ALOG10 (RG**3)+10.362*ALSD**2 
R H3 = 10 .0**ALEM3 
E R=EXP(0. 33 33b*ALOG(RR3) )
3 11 (02-1) =HM 
C 1 1  ( J 2 - 1 )  = C C C C
DN1 (02-1) =INT (C11 (J2-1) *?VV(02-1) *TRTIH (02-1)/5.0E-06)
C 11 (0 2- 1) =C 11 (02-1) -DN 1(02-1)
DHL (P2) =1*188. 8*F11 (1) **3*DN1 (1) *3.6ß09 

6 CONTINUE 
662 C11 (02-1) =DN1 (02)
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c ---------------C AL CM L A M i ' N  O F  I . O C A L  AS D C O S O L A ‘, I V B  D E P O S I T E D  « A l  BP ON T H E  B L A D E
Î U r F A C E S

C
1 E ( YT'LA fï T . Z ET C) T EÏAMÏEVAP/YSVAP 
YYN!r  = VNF:T(F.2) * I E V A F 
ï ï D E ? = Y Y E" - i E V A P
i l -  ( ï Y B S V . C . v . i E r C )  V V C E P  = Ï Y O E S - / T E V A P
l ï  ( Y Ï J 5 M . S . : t r C )  V V DE F = Z F . p r >
I  F ( Y E V A P .  T. E . Z E '  C’ ) V V D EP = V N E "  ( ? 2 )
B E F r  P = V V J " . P  + CTP' /
C E P E . A l ’ ( 5,(1 = a 1 b U .  b *  3 . 6 E 0 . 5 * P F E T * *  3 * D E P ? F  
E L "  j A ' M ' M i A S  + D E F T A S  ( - 2 )
1 C - ' • A -  ( H 2 ) = L ? a ' « f î 

3 i I F (  C . G E . .  27 S)  0 0  - 1  5 0 0  
3 4 0  CC N I ' M  0 5
B OB  'À E I T  Z  ( b  , 1 ‘J j  ) LF A L L  , C T K ( 1 )

S 1 0  "■
99 f rr.F A” (-■i)
9î3 E C ’** A"■(21 2)97 EOF * a :(12 FM) . 4 / 7F6.4)
96 FC' "A" (p7.5,E10.2)
95 F CF *■ a :(F7 .5,F10.2,?5. 3)
99b FOr " AI’ ( /- ni 9 E S T C i1 A L II E. OF S OU As Ef = ,E20.5)
*■9 5 EOF '•!A'n (5Y ,2 ( 2X , £20.5) )
994 FC" ■’ A'’ ( 5 X,120.6,234 A T 0DE E M  OUTSIDE FIANCE)
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/t/’/’E/VOIX SA
DETERM INATIO N  O F THE LA ST  STAGE E F F IC IE N C Y  AND THE LO SS  IN  OUTPUT DUE 

TO B LA D E  H E A T IN G  IN  A MODERN T U R B IN E

I t  i s  assumed t h a t  th e  enthalpy drop across the stator and rotor 

of the penultimate stage is the same as that across the stator and rotor 

of the last stage. Knowing the terminal conditions of the stator and 

the rotor of the last stage enables us to plot the thermodynamic process 

inside the last two stages, as shown in Fig. 8.1. Process 1 - 3 is 

the expansion through the penultimate stage whilst process 3 - 5 is that 

through the last stage.

I. Calculation of the Efficiency of the Rotor of the Penultimate Stage

The flow through the penultimate stage is dry steam; therefore 

a stage efficiency (n-|_3) of 93% can be used as discussed in section 8.2. 

The enthalpy drop across the last stage is about 205 kJ/kg and this is 

the assumed enthalpy drop across the penultimate stage. Knowing the 

thermodynamic conditions at point 1 (p-| = 0.86 bar and h-| = 2750 kO/kg) 

and at point 3 (p3 = 0.233 bar and h3 = 2544 kJ/kg), the conditions at 

point 2 can therefore be defined by finding the conditions at point 3ss

n
h

1-3 = TTj*
0.93

h3ss = 2750 - = 2530 kJ/kg

From the steam table the entropy at point 3ss (S3ss) is 7.62 kJ/kg K. 

Figure 8.1 shows that = S2s = S3ss = S^ss = Sgss and the pressure at 

point 2 is 0.45 bar. Therefore, h2s can be found (from S2$ and p2) to 

be 2636 kJ/kg. The enthalpy at 2 (h2) can therefore be calculated from 

the definition of the nozzle efficiency
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hz = 2750 - 0.97 (2750 - 2636) - 2642 kJ/kg.

F ro m  th e  s te a m  t a b le  S^  and h3 s  a re  fo u n d  t o  be 7 . 6 3  k J / k g  K  and  

2 5 3 5  k J / k g  r e s p e c t iv e ly .  Th e  r o t o r  e f f ic ie n c y  t h e r e f o r e  can be c a lc u la t e d

_ h2 ' h3 2642 - 2544 
n2-3 - h2 - h3s " 26"42 - 2535 = 0.91

I I • Calculations of the Efficiencies of the Stator and the Rotor 

of the Last Stage

The flow inside the last stage is wet; therefore the efficiency 

of the dry flow must be modified according to the degree of wetness since 

the presence of the wetness reduces the efficiency. The wetness fraction 

at 3 ,  4a and 5a were found to be 3.0%, 6.4% and 9%  kg/kg respectively.

If a dry region can be created on the blade surface and spontaneous 

nucleation produces only very small droplets, the wetness losses will be 

minimised. They can then be neglected when compared with losses resulting 

from coarse water in the flow and on the blade surface. One of the 

earliest empirical corrections to stage efficiency to account for 

wetness loss was that of Baumann (53),

V t  = ndry t1 - loye)

where a = 1.4 for a stage

a = 0.7 for half stage.

This can be used to define the efficiency of the stator and the rotor 

when the steam is wet.

n3-4a = 0,97 ‘ ° ' 5 * ° - 7 x °-047) = ° * 954

and hence h^a can be calculated,knowing n3_^a and h^s;
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»4 a  =  h 3  -  n3 _ 4 a  ( h 3  -  h4 s )  =  2 5 4 4  -  0 .9 5 4  ( 2 5 4 4  -  2 4 2 5 )

= 24 30  k J / k g

When heating is employed the process 3 - 4a no longer defines the flow 

inside the stator since the exit enthalpy (h^a) will be changed to (h^)
dry

and increased by the amount of the heat input from the internal surface

of the blade. The new enthalpy (h^) can be calculated from (h^) and
4 dry

the heat input:

( M  = K  - (n3 , J  (h, - h ) = 2544 - 0.97 (2544 - 2525) 
^ dry 3 3 dry 3

= 2428.7 kO/kg.

h.„ = (b>4) + 2.3 = 2431 kO/kg.
dry

The efficiency of the heated nozzle (n3_^) can be calculated from

'3-4H
'3 4H 

h3 ' h4s
= 0.951

The reduction in the efficiency of the passage of the stator due to 

heating is

(AnW z l e  = n3-4H ' n3-4a = 0,3°‘

From the steam chart hg^s = 2336 kJ/kg, = 7.66 kJ/kg K.

The wetness fraction is reduced by about 0.1% because of heating. The 

efficiency of the passage of the blade rotor can be calculated using the 

Baumann equation

n4a-5a = V 3  t1 ' ° ‘ 5 x ° - 7 X y5a> = 86-5%

Because there is no coarse water from the stator when blade heating is 

employed the losses in rotor efficiency due to wetness can be assumed to 

be about l of those when blade heating is not used. Therefore the rotor
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e f f i c i e n c y ,  n4H_SH, i s

r,4H-5H ~ b2-3 ^  ~ x x 0.7 x y ^ )  = 89.1%

Therefore the gain in rotor efficiency due to heating can be calculated:

fAnVotor = n4a-5a ' n4H-5H = ° -6%

The enthalpy at the exit of the last stage without or with the blade 

heating method can be determined:

h5a = h4a ‘ 'Ma-Sa (h4a ' h5as> = 2347 kJ/kg

h5H = h4H ' n4H-5H (h4H ‘ h5Hs^ = 2346 k3/kg

where hgas and h5H$ were determined from the steam chart (h-s diagram).

Hence the change in stage efficiency can be calculated:

n3-5a “ 93-0% and g3.5H = 93.2%

(Ar̂  stage = +

This indicates that blade heating will increase the efficiency of the last 

stage by about 0.2%. The importance of this figure is that there is no 

decrease in the stage efficiency due to heating the stator blade.

III. Calculations of the Change in the Turbine Output

The output of the turbine is affected by two factors:

1. Loss due to the extraction of blade heating steam from the entry 

to the penultimate stage. It is calculated from the following 

equation:

AWloss ^  [ ̂ Ah ^penultimate stage + Âtl n hast stage]

= 9.5 x 10 4 (205 x 0.94 + 189 x 0,93) = 0.36 kW per passage. 
- 332 -



AWgain = (■" ‘ Ahhast stage

= (0.88615 - 9.5 x 10 4) x 0.002 x 189 % 0.3 kW per passage.

The calculations have shown that this loss is closely matched by the gain

due to the increased efficiency of the last stage. When considering the

worst situation AW . is not taken into account for the economic gai n

evaluation of the blade heating method.

The loss due to steam extraction is:

(a) If the turbine has 3 L.P.s

AW, = ( A W , )  x number of passages x number of
ss one passage

turbine exhausts = 0.36 x 99 x 6 = 193 kW.

(b) If the turbine has 2 L.P.s

A“loss = 0.36 X 99 x 4 = 129 kW

IV. Calculations of the Quantity of the Additional Steam to Recover 

the Loss in the Output of the Turbine * •

The additional steam required from the boiler (5mj30^ier) is less
• -2

than ¿m^lade (9.5 x 10 kg/s per diaphragm) since it will produce work 

when it passes through the H.P., I.P. and the first three stages of the 

L.P. (which consists of five stages). To calculate we consider

a notional small turbine having the same efficiency as the H.P. and I.P. 

turbines (about 85%), which receives fim^.-jer, of steam at the H.P. inlet 

conditions and expands it to the conditions at the entry to the penultimate

stage of the L.P. turbine. Therefore there are two sources of work which
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2 . Work g a in  due to  in c r e a s e  in  the  l a s t  s t a g e  e f f i c i e n c y r e c o v e r  th e  J o ss  in  th e  o u tp u t  o f  th e  t u r b in e .

1. Work from the notional turbine if its steam mass flow is <5m
boiler'

(A“^notional ~ '"boiler (Ah ^notional (8A.1)
turbine turbine

2. Work from the last two stages of the L.P. turbine when 6iii
boiler

expands through them, is calculated from,

(AW)last 2 = t o i l e r  (Ah "hast 2 <8A-2)
stages stages

The total recovery work is therefore,

“recovery ~ (A“ )notional + (A“hast 2 ~ ^boiler "^notional + (A4lrlhast 2} 
turbine stages turbine stages

(8A.3)

Equation (8A.3) can be solved iteratively by assuming ^  ^  until 

“recovery equal t0 “loss (“gain is ne9lected for considering the worst case).

It is found that the value of 6m. is;boi ler

(a) 0.122 kg/s when the turbine has 2 L.P.s and

(b) 0.185 kg/s when the turbine has 3 L.P.s.

In other words to design a complete turbine have two L.P.s, with blade 

heating, that would give the same work output as an equivalent conventional 

turbine;

(i) the boiler mass flow would have to be increased by 0.122 kg/s;
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( i i )  the mass flow through each H.P. and I.P .  turbine would then be 

0.122 and 0.061 kg/s respectively (the I.P. being double flow) 

higher than for a conventional turbine. The mass flow rate 

through the first three stages of each L.P. turbine would be 

about 0.03 kg/s higher;

(iii) 0.095 kg/s would then be extracted from each of the four L.P. 

streams for blade heating;

(iv) the mass flow rate through the last two stages of each L.P. 

turbine would then be about 0.065 kg/s lower than for a conventional 

turbine.

Similarly for designing a three L.P. turbine with blade heating the mass

flow rate through the H.P., I.P. and L.P. turbines will be as follows:

(i) The boiler mass flow rate should be increased by 0.185 kg/s.

(ii) The mass flow rate through the H.P. turbine would be increased 

by t o i l e r  which is 0.185 kg/s.

(iii) The mass flow rate through each I.P. turbine would be increased by 

about 0.092 kg/s. Through the first three stages of each L.P. 

turbine, the mass flow rate would then be increased by about 

0.031 kg/s.

(iv) 0.095 kg/s would then be extracted from each of the six L.P. turbines 

for blade heating (the point of extraction is at the entry to the 

penultimate stage).

(v) The mass flow rate through the last two stages of each L.P. turbine 

would be lower than for a conventional turbine by about 0.064 kg/s.
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APPENDIX 8B

U.K. ECONOMIC SCENARIOS

Before explaining the various scenarios for the U.K. economy 

which is highly affected by the development of the world economy, the 

C.E.G.B. has defined three alternative cases of world economic activity 

referred to as the High, Medium and Low cases; they are described as 

follows :

(a) High Growth

This case assumes that there will be rapid re-establishment of 

world financial order and discipline and that there will be an associated 

high degree of co-operation between industrialised, developing and oil 

exporting countries. Economic growth, while not quite achieving the 

rate of the 1950s and 1960s, recovers substantially towards these levels.

(b) Medium Growth

In this case both the degree of co-operation and the extent of 

reform in the international financial area are more limited and achieved 

on a more protracted time scale than in the high growth case. Moderate 

economic growth is assumed, substantially below the levels of the 1950s 

and 1960s but somewhat better than most recent experience.

(c) Low Growth

This case assumes that there is a failure to make any significant 

improvements in the extent of co-operation between countries, that the 

stability of the world financial system deteriorates and that, partly as 

a result, economic growth is very limited.

The C.E.G.B. analysis of the U.K. scenarios has assumed differing

degrees of success for economic policy together with different levels of
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economic a ctiv ity . These scenarios are described by the C.E.G.B. as 

follows:

1. Scenario A - High economic growth based on services

Assumes a development of the economy which is relatively rapid 

but favouring services, a high regard for the environment and rapid progress 

on energy conservation. This scenario entails a substantial improvement 

in the efficiency of U.K. manufacturing industry through concentration on 

modern, technologically advanced, high value-added products. The scenario 

is associated with the high world economy growth case.

2. Scenario B - High economic growth based on manufacturing

Reflects successful economic development along traditional lines 

based on recovery and expansion of both traditional heavy and new 

technologically advanced manufacturing industries. The rate of growth, 

which is judged to be near the plausible maximum, still remains somewhat 

below that achieved in the 1950s and 1950s. This scenario is associated 

with the medium world economic growth case.

3. Scenario C - Medium economic growth

This scenario does not assume a high degree of either success or 

failure. It presumes mixed fortunes in overcoming the problems which have 

been evident in the U.K. for the last 10 - 20 years. It relates broadly 

to a continuation of the economic trends underlying the Electricity 

Supply Industry's Adopted Demand Estimates of October 1981. This scenario 

is associated with the medium world economic growth case.

4 . Scenario D - Stable low economic growth

In this case de-industrialisation and a declining level of economic 

activity occur in the first half of the period to 2000, while in the 

second half the economy stagnates. It is assumed that this occurs as a
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b y -p ro d u c t  o f  e conom ic, in d u s t r i a l  and e n v iro n m e n ta l p o l i c y  and  th a t  i t  

represents an acceptable outcome to a m ajority o f  the population. Personal 

living standards are maintained through a reduction in the need for 

investment because of the declining industrial base and, in the long term, 

through returns on investment overseas. This scenario is associated with 

the medium world economic growth case.

5. Scenario E - Unstable low economic growth

This case presumes that de-industrialisation occurs by accident 

rather than design and that there would be a general lack of co-operation 

with consequent social differences, volatility of policy and an inability 

to overcome economic conflicts. This scenario is associated with the 

low world economic growth case.
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TABLE 4.1 - DETERMINATION OF MASS-MEDIAN DIAMETER FOR 5% URANIN SOLUTION

Previous 
Work (4)

1 2 3 4 5
Present Work

6 7 8 9

Mid-range
diameter

ym

% in 
range

Mid-range
diameter

ym
No. Cumul- 

ati ve
% in 

range
% Cumul- 
a ti ve d3 nd3 % in Range % Cumul­

ative

0.025 0 0.025 0 0 0.0 0.0 1.56 x 10“6 0.0 0.0 0.0

0.075 7.9 0.05 14 14 1.1 1.1 1.25 x 10"4 1.75 x 10"3 0.02 0.02
0.125 15.8 0.075 105 119 8.26 9.36 4.22 x 10"4 4.43 x 10‘ 2 0.51 0.53
0.175 19.8 0.125 282 401 22.19 31.55 1.95 x 10"3 0.5507 6.34 6.87
0.225 25.3 0.15 325 726 25.55 57.1 3.37 x 10'3 1.097 12.63 19.5
0.275 18.2 0.175 413 1139 32.5 89.6 5.36 x 10"3 2.213 25.5 45.0
0.325 5.9 0.25 88 1227 6.9 96.5 1.56 x 10"2 1.375 15.84 61.0
0.375 3.2 0.35 28 1255 2.2 98.7 4.29 x 10"2 1.2 13.8 74.6
0.425 2.0 0.45 9 1264 0.7 99.4 9.11 x 10"2 0.82 9.44 84.1
0.475 1.4 0.55 5 1269 0.4 99.8 0.166 0.832 9.58 93.7
0.525 0.4 0.65 2 1271 0.2 100.0 0.275 0.549 6.32 100.0

I t  gives,

dg = 0.1522 ym, SD(> = 1.442, da = 0.166 ym, d ^  = 0.1861 ym and a = 0.05.
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P la t e  4.1: E le c t ro n  M icro scop e  photograph o f P a r t i c le s  produced from  

y/0 U ran in  s o lu t io n .  M a g n i f ic a t io n s  x 10,000 .
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P la t e  4.2: E le c t r o n  M icro scop e  photograph o f  P a r t i c le s  produced from  
y/0 U ran in  s o lu t io n .  M a g n i f ic a t io n s  x  10,000 .
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In Figures 7.1-7.24, 7.28-7.47, 7.50-7.69, 7.72-7.91, 7.94-7.112, 
and 7.123-7.141 the Pattern of the Curves defines the 
Locations of the Droplets from the Blade Surface, as 
follows;

^Pattern_ -2i®££2££-!£22_i£®_i>i2!*2«surfaceA £ [um}_

..............  20
---------  30
-----------  40
---------  50
----------- 100

--------------------- - 280

in Figures 7.26. 7.27, 7.1.8, 7.1,9, 7.70, 7.71,7.92, 7.93,
7,113-7.122, 7.142-7.145 the Pattern of the Curves 
defines the Locations of calculation along the concave 
surface, as follows;

Distance from the front 
pattern^ stagnation^point^j/c_

---.......  0.35
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t = service life 

e = erosion depth 

1, II, 111= time zones

FIGURE 1.3 EROSION WITH RESPECT TO TIME

C_ = absolute steam velocity 9
Cr = absolute water velocity 

U = peripheral velocity 

Vr = relative water velocity

FIGURE 1.2 VELOCITIES IN A LOW PRESSURE STAGE

Shell (saturated vapour)

FIGURE 2.1 TFMPERATURE FIELD INSIDE AND OUTSIDE THE LARGE DROPLET WHEN IT EXISTS

IN SUBCOOLED OR SUPERHEATED VAPOUR
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FIGURE 4.1 THE AEROSOL GENERATOR

Cumulative percentage mass/number of particles 

FIGURE 4.2 DETERMINATION OF MASS/GEOMETRIC MEAN DIAMETER FOR 5% URANIN SOLUTION
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FIGURE 4.4 TEST BLADE PROFILE



FIGURE 4.5 VARIATION OF THE BLADE PASSAGE HEIGHT

Hot air chambers

FIGURE 4.6 SKETCH OF BLADE SHOWING INLET AND OUTLET 

TO HEATING CHAMBERS

Hot air inlet 

Hot air outlet

Tufnol insulation
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FIGURE 4.7 SCHEMATIC LAYOUT OF HEATING SYSTEM

---------1
- (a)

, I
-

t
-  r  • •
.

- i
-

_
1___ ______________________1L_________________________

-

FIGURE 4.8 fa) TEMPERATURE DISTRIBUTION UPSTREAM FROM THE ENTRY TO THE BLADE PASSAGE 

(b) DISTRIBUTION OF THE FREE STREAM TEMPERATURE INSIDE THE BLADE PASSAGE
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FIGURE 4.10 PROBE FOR MEASURING PARTICLE CONCENTRATION
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FIGURE 4.12 DEPOSITION DISTRIBUTION ON THE UNHEATED BLADE SURFACES
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FIGURE 4.13 DEPOSITION DISTRIBUTION ON THE UNHEATED BLADE SURFACES
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FIGURE 4.14 DEPOSITION DISTRIBUTION ON UNHEATED BLADE SURFACES
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FIGURE 4.15 DEPOSITION DISTRIBUTION ON UNHEATED BLADE SURFACES

FIGURE 4.16 DEPOSITION DISTRIBUTION ON UNHEATED BLADE SURFACES

Pe
rc

en
ta

ge
 d

e
p

o
si

ti
on

/c
m

x/c

FIGURE 4.17 DEPOSITION DISTRIBUTION ON UNHEATED BLADE SURFACES

FIGURE 4.18 DEPOSITION DISTRIBUTION ON HEATED BLADE SURFACES
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DEPOSITION d is t r ib u t io n  on heated blade surfaces
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FIGURE 4.23 DEPOSITION DISTRIBUTION ON HEATED BLADF SURFACES

FIGURE 4.24 THE REDUCTION IN THE DEPOSITION OF THE PARTICLES DUE TO HEATING
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FIGURE 4.25 THE REDUCTION IN THE DEPOSITION OF THE PARTICLES DUE TO HEftTING
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FIGURE 4.26 THE REDUCTION IN THE DEPOSITION OF THE PARTICLES DUE TO HEATING
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FIGURE 4.27 THE REDUCTION IN THE DEPOSITION OF THE PARTICLES DUE TO HEATING

FIGURE 4.29 THE REDUCTION IN THE DEPOSITION OF THE PARTICLES DUE TO HEATING
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FIGURE 4.30 CROSS-SECTION OF THE EXPERIMENTAL APPARATUS 

FOR MEASURING THE THERMAL CONDUCTIVITY OF 

THE URANIN
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FIGURE 4.31 VARIATION OF HEAT FLUX THROUGH TEST BLOCKS

WITH TERMPERATURE DIFFERENCE
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FIGURE 5.2 DISTRIBUTION OF THE BLADE PASSAGE HEIGHT

FIGURE 5.1 BLADE PASSAGE PROFILE



( a i  P a in t  the shape o f  
the cascade.

(e ) C u t the shape o f  the cascade
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F ig u re  5.3 : I l l u s t r a t i n g  the Method o f P o t e n t ia l  P lo t t in g .



fiuur* 5.*» : Distribution ot ¿letneos Fraction outsit tne Boundary Layer 
figure 5.7 : Distribution or m« Free Streas Velocity

for a Rarne ct Droplet Sizes. 
along tbe nliae Surtuces.
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Pijure 5. S : Distribution ot the Acceleration Paraaeter 
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FIGURE 6.2 DISTRIBUTION OF SURFACE TEMPERATURE ALONG THE BLRPE S U IT E S  FOR 

A RANGE OF IN IT IAL SURFACE TEMPERATI'FFS
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FIGURE 6,3 VARIATION OF HEAT TRANSFER CORRECTION FACTOR DUE TO LAHINARISAT ION 

ALONG THE BLADE SURFACES-

FIGURE 6.4 VARIATION OF HEAT TRANSFER CORRECTION FACTOR DUE TO LAMINAR I SAT ION 

ALONG THE BLADE SURFACES



figure 6.5 : Tariation of Stanton laaber along tne Blade Surfaces 
for a Bang« of Droplet Slsas.
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Figaro 6.7 : Variation ol Stanton «caber along the Blade Surfaces 
for a Range cf Droplet Sizes.
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Figure 6.g : Variation of Stanton Munber along the Blade Surfaces 
for a Range cf Droplet Sizes.
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Figure 6. 10 : Variation of the Total Heat Transfer Bate along the 
Blade Surfaces for a Pange of Droplet Sizes.

Figure fc.11 : Variation of the Total Heat Transfer Bate along the 
B laa e  Suffices for a Panje of Droplet Sizes.



Figure 6.12 : Variation ot the Total Heat Transfer Rate along the 
Blade Surfaces for a Range of Droplet Sizes.

Figure 6.13 : Viriaticn ot tne Total Heat Transfer Rate along the 
Blade Surfaces for a »anje ot Droplet Sizes.
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7.1 ! Distribution of Lattice Ratio Inside the Concavo and Convex
Boundary Layer at Different Distance from the Blade Surface
when tw±= 85 °C and d±= 1.0 pm .
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Fig. 7.3 : Diatrib-tion of Lattice Ratio inaide the Concave and Convex 
Boundary Layer at Different Diatance from the Blade Surface 
when 85 °C and d^= 0.1 pm .
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Fig. 7.2 : Diatribution of Lattice Ratio inaide the Concave and Convex
Boundary Layer at Different Diatance fro* the Blade Surface
when t ^ *  85 °C and d^* 0.5 p* •
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Fig. 7.5 t Diatribution of Lattice Ratio inside the Concave and Convex 
Boundary Layer at Different Distance fro® the Blade Surface
when t^s 66 °C and d^= 0.5 vun .
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Fig. 7 .k : Diatribution of Lattice Ratio Inaide the Concave and Convex
Boundary layer at Different Distance fro* the Blade Surface
when 66 “C and d^» 1.0 un .



La
tt

ic
e 

ra
ti
o

60

vig. 7.7 : VariarlOB of Droplet Mean Free Path inside the Concave and 
Convex Boundary Layer at Different Distance froa the Blade 
Surface when t^s 85 °C and d1= 1.0 ;un.
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FI«. 7.6 : Distribution of Lstties Ratio inside th. Concave and Convex
Boundary Layer at Different Distance iron the Blade Surface
»hen t ^ v  66 °C and d ^  0.1 urn .
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Fig. 7.9 : Variation of Droplet Mean Free Path inside the Concave
and Convex Boundary Layer at Different Distance from the 
Blade Surface when t^s 85 “c and dt= 0.1 pm .

Fig. 7.8 : Variation of Droplet Mean Free Path Inside the Concave and
Convex Boundary Layer at Different Distance from the Blade
Surface »hen t^, = 85 °C and d^p 0.5 pm .
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Fig. 7.11 : Variation of Droplet Mean Free Path inside the Concave and 

Convex Boundary Layer at Different Distance from the Blade 
Surface *vhen t ^  = 66 °C and d^= 0.5 •
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Fl*. 7.10 , Variation of Droplet Mean Free Path Inald. the Cone... and
Convex Boundary Layer at Different Di.tanc. fro. the Blade
Surface »hen t ^ *  66 °C and dj« 1.0 pm .
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Tig. 7.13 : Variation of the Ratio of Droplet Mean Free Path to Droplet 
Disaster inside the Concave and Convex Boundary Layer at 
Different Distance froa the Blade Surface when t^ * 85 °C 
and d^a 1.0 jia.

Fig. 7.12 : Variation of Droplet Mean Free Path lnalde the Concave and
Convex Boundary Layer at Different Dletance free the Blade
Surface «hen t.^* 66 °C and d^. 0.1 pm .
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Fig. 7.15 : Variation of the Patio of Droplet Mean Free Path to Droplet 
Diameter inrJde the Concave and Convex Boundary Layer at 
Different Distance from the Blade Surface when twi= 85 '‘C
and dj= 0.1 pm
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Fig. 7.14 : Variation of the Ratio of Droplet Mean Free Path to Droplet 
Diameter inside the Concave and Convex Boundary Layer at 
Different Distance from the Blade Surface when t^ » 85 °C 
and dj* 0.5 us .
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Fig. 7.17 : Variation of the Ratio of Droplet Mean Free Path to Droplet 
Diameter Inside the Concave and Convex Boundary Layer at 
Different Distance from the Blade Surface when t ^ =  66 °C 
and d^= 0.5 Um .
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Fig. 7*16 : Variation of the Ratio of Droplet Mean Free Path to Droplet
Diameter inside the Concave and Convex Boundary Layer at
Different Distance from the Blade Surface when t. = 66 Cwi
and d^= 1.0 pm .
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7.19 : Variation of the Patio of Distance between Adjacent Droplets 
to Droplet Mean Free Path inside the Concave and Convex 
Boundary Layer at Different Distance from the Blade Surface 
when t ^ =  85 °C and di= 1.0 pm.
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Fig. 7.18 : Variation of the Ratio of Droplet Mean Free Path to Droplet 
Diameter inaide the Concave and Convex Boundary Layer at 
Different Distance fro« the Blade Surface when t^* 66 °C 
and dj» 0.1 pm ,
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Fig. 7.21 : Variation of the Patio of Distance between Adjacent Droplets 
to Droplet Mean Free Path inside the Concave and Convex 
Boundary Layer at Different Distance from the Blade Surface 
when t^= 85 °C and d^= 0.1 pm .

rig. 7.20 : Variation of the Patio of Distance between Adjacent Droplets 
to Droplet Mean Free Path inside the Concave and Convex 
Boundary Layer at Different Distance fron the Blade Surface 
when t^= 85 °C and d^= 0.5 pm.
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Fig. 7.23 : Variation of the Patio of Distance between Adjacent Droplets 
to Dro;let Mean Free Path inside the Concave and Convex 
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Fig. 7.24 : Variation of the Ratio of Distance between Adjacent Droplets 
to Droplet Mean Free Path inside the Concave and Convex 
Boundary Layer at Different Distance from the Blade Surface 
when t^ = 66 *C and d^= 0.1 jun .
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7.28 : Variation of Droplet Radius inside the Concave and Convex
boundary Layer at Different Distance froa the Blade Surface 
when t^ = 66 °C and d^= 1.0 pm.
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Fig. 7.29 : Variation of Droplat Radius inside the Concave and Convex

Boundary Layer at Different Distance fro« the Blade

Surface when t ^ -  70 °C and d±= 1.0 us .
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Fig. 7.30 : Variation of Droplet Radius inside the Concave and Convex 
Boundary Layer at Different Distance from the Blade 
Surface when *wi3750 C and dj=1.0 pn .

Fig. 7.31 : Variation of Droplet Radius inside the Concave and Convex
Boundary Layer at Different Distance from the Blade
Surface when t ^ s  80 °C and d^= 1.0 y m  .
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Fig. 7.32: Variation of Droplet Radius inside the Concave and Convex 
Boundary Layer at Different Distance from the Blade 
Surface when t^=85 C and d^sl.O pa •
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Fig. 7.33: Variation of Droplet Radius lnaide the Concave and Convex 

Boundary Layer at Different Distance from the Blade 
Surface when t^* 66 °C and d̂ = 0 .5  pc •
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El*.7.31*: Variation of Droplet Radius inside the Concave and Convex
Boundary Layer at different Distance from the Blade 
Surface .hen twl=70 °C and d1= 0.5 pm .
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Fig. 7 .3 5  : Variation of Droplet Radius inside the Concave and Convex 

Boundary Layer at Different Distance fro« the Blade 
Surface when t-wj=75 °C and dj* 0 .5  >1*» •
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Fig, 7.37 : Variation of Droplet Radius inside the Concave and Convex 
Boundary Layer at Different Distance from the Blade 
Surface when t^s 85 °C and d^= 0.5 pa .

Fig.7.36 : Variation of Droplet Radius inside the Concave and Convex
Boundary Layer at Different Distance froa the Blade
Surface when t ^ »  80 °C and dA* 0.5 •
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Fig. 7 .3 8  : Variation of Droplet R a d iu s  inside the Concave and Convex 
Boundary Layer at Different Distance from the Blade 
Surface when t^. 66 °C and d±= 0.1 fim .
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Fig. 7.39 ! Variation of Droplet Radius inside the Concave and Convex 

Boundary Layer at Different Distance froa the Blade 
Surface when 1^=70 °C and d^= 0.1 fw .
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Fig. 7.1*0 : Variation of Droplet Radius inside the Concave and Convex 
Boundary Layer at Different Distance from the Blade 
Surface when t^= 75 °C and d^= 0.1 pm .

LE x /c  TE

Fig. 7.1*1 : Variation of Droplet Radius inside the Concave and Convex
Boundary Layer at Different Distance from the Blade
Surface when t ^ »  80 °C and d^« 0.1 pa .
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Fig. 7.*+2 : Variation of Droplet Radius inside the Concave and Convex 
Boudary Layer at Different Distance from the Blade 
Surface when t^= 85 °C and d^= 0.1 pm .

l£  x /c  TE

Fig. 7.1+3 : Variation of Droplet Radius inside the Concave and Convex
Boundary Layer at Different Distance from the Blade
Surface when t ^ *  66 °C and d^= 0.05 P» •
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Fig. 7.44 : Variation of Droplet Radius inside the Concave and Convex 
Boundary Layer at Different Distance from the Blade 
Surface when t^ = 70 °C and d^= 0.05 pt .
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Fig. 7.45 s Variation of Droplet Radius inside the Concave and Convex
Boundary Layer at Different Distance from the Blade
Surface when t ^ a  75 °C and d^* 0.05 pa .
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Fig. 7.46 : Variation of Droplet Radius inside the Concave and Convex 

Boundary Layer at Different Distance from the Blade 
Surface when t^= 80 °C and d^« 0.05 pn .

Fig. 7.47 : Variation of Dro plet Radius inside the Concave and Convex
Boundary Layer at Different Distance from the Blade
Surface when t ^ a  85 °C and d^= 0.05 pn .
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Fig. 7.1*8 : Variation of Droplet Radius along y-axia for 
a range of Blade Surface Temperature when 
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wig. 7.50 : Variation of Local Wetneaa Fraction inside tha Concave and 
Convex Boundary Layer at Different Distance fro* the Blade 
Surface when t^= 66 °C and d̂ = 1.0 pa.

Fig 7.51 : Variation of Local Wetness Fraction inside the Concave and
Convex Boundary Layer at Different Distance fro« the Blade
Surface when t ^ «  70 °C and dj* 1.0 pa .

Lo
ca
l 

we
tn
es

s 
fr
ac
ti
on
,

Fig. 7.52 : Variation of Local Wetness Fraction inside the Concave and 
Convex Boundary Layer at Different Distance from the Blade 
Surface when t^= 75 ’C and d^= 1.0 pa .
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Fig. 7.53 ! Variation of Local Wetness Fraction inside the Concave and
Convex Boundary Layer at Different Distance from the Blade
Surface when t ^ *  80 °C and d^» 1.0 pa .
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Fig.7.54 : Variation of Local Wetness Fraction inside the Concave and 
Convex Boundary Layer at Different Distance from the Blade 
Surface when twi= 85 °C and d^= 1.0 pa .
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Fig. 7.55 : Variation of Local Wetness Fraction inside the Concave and
Convex Boundary Layer at Different Distance fro« the Blade
Surface when t ^ *  66 °C and dj* 1.0 ua .
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Fig. 7.56 : Variation of Local Wetness Fraction inside the Concave and 
Convex Boundary Layer at Different Distance from the Blade 
Surface when t^= 70 °C and d^= 0.5 pa •
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Fig. 7.57 : Variation of Local Wetness Fraction inside the Concave and
Convex Boundary Layer at Different Distance from the Blade
Surface when t ^ s  75 C and d^= 0.5 urn .
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Fig. 7.58 : Variatl n of Local Wetness Fraction inside the Concave and 
Convex Boundary Layer at Different Distance from the Blade 
Surface when 80 °C and dj* 0.5 urn .
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Fig. 7.59 : Variation of Local Wetness Fraction inside the Concave and
Convex Boundary Layer at Different Distance from the Blade
Surface when t ^ *  85 °C and dj* 0.5 y *  •
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Fig. 7.60 : Variation of Local Wetness Fraction inside the Concave and 
Convex Boundary Layer at Different Distance from the Blade 
Surface when t^= 66 °C and d^= 0.1 ym .
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Fig. 7.61 : Variation of Local Wetneas Fraction inside the Concave and
Convex Boundary Layer at Different Distance From the Blade
Surface when t ^ *  70 °C and dj* 0.1 yun .
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Fig. 62 : Variation of Local Wetness Fraction inside the Concave and 
Convex Boundary Layer at Different Distance from the Blade 
Surface when t^s 75 °C and d^= 0.1 pm .

IE x / c  TE

Fig. 7.63 : Variation of Local Wetness Fraction inside the Concave and
Convex Boundary Layer at Different Distance from the Blade
Surface when t ^ s  80 °C and d^* 0.1 pa .
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Fig. 7.61» : Variation of Local Wetness Fraction inside the Concave and 
Convex Boundary Layer at Different Distance from the Blade 
Surface when t^s 85 °C and dt= 0.1 pa .
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Fig. 7.65 s Variation of Local Wetness Fraction inside the Concave and
Convex Boundary Layer at Different Distance from the Blade
Surface when t ^ «  66 °C and d^* 0.05 pa .
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Fig. 7.66 : Variation of Local Wetness Fraction inside the Concave and 
Convex Boundary Layer at Different Distance from the Blade 
Surface when t^s 70 °C and d^= 0.05 .

Fig. 7.67 : Variation of Local fatness Fraction inside the Concave and
Convex Boundary Layer at Different Distance from the Blade
Surface when t ^ s  75 °C and d^= 0.05 u» •
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Fig. 7.68 : Variation of Local Wetness Fraction inside the Concave and 
Convex Boundary Layer at Different Distance from the Blade 
Surface when twl= 80 °C and dt= 0.05 jin .
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Fig. 7.69 : Variation of Local Wetness Fraction inside the Concave and
Convex Boundary Layer at Different Distance from the Blade
Surface when t ^ *  85 °C and d^= 0.05 H® •
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Fig. 7.70 : Variation of wetness fraction along y-axLs for 
a range of Blade Surface Temperatures when 
d j*  1 . 0  pa .
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Fig. 7.71 : Variation of Wetness Fraction along y-axis for 
a range of Blade Surface Temperatures when 
di= 0.5 pa .
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plg. 7.72 : Variation of the Mass Transfer between Droplets and Vapour inside 
the Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when t^s 66 °C and d^= 1.0 pa.

Fig. 7. 73 : Variation of the Mass Transfer between Droplets and Vapour inside
the Concave and Convex Boundary Layer at Different Distance froa
th. Blade Surface »hen 70 °C and d±. 1.0 j m  .
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Fig. 7.7U : Variation of the Maae Transfer between Droplets and 'r"nou*- inside 
the Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when t^s 75 C and d1= 1.0 pm .
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Fig. 7.75 : Variation of the Mass Transfer between Droplets and Vapour inside
the Concave and Convex Boundary Layer at Different Distance from
the Blade Surface when t ^ a  80 °C and d^* 1.0 urn .



Tig. 7.76 : Variation of the Mass Transfer between Droplets and Vapour Inside 
the Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when twl* 85 C and d^= 1.0 ym .

Fig. 7. 77 : Variation of th. Mass Transf.r between Droplets and Vapour inside
the Concave and Convex Boudary Layer at Different Distance froa
the Blade Surface when twl= 66 C and dj« 0.5 U* •
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Tig. 7. 78 : Variation of the Mass Transfer between Droplets and Vapour inside 
the Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when t^ a 70 °C and d^a 0.5 ym .
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Tig. 7. 79 : Variation of the Mass Transfer between Droplets and Vapour inside
the Concave and Convex Boundary Layer at Different Distance from
the Blade Surface when t ^ -75 °C and di= ^.5 P® •
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Fig. 7. 80 : Variation of the Mass Transfer between Droplets and Vapour Inside 
the Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when t^ = 80 C and d^= 0.5 yjn •
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Fig. 7. 81 : Variation of the Maas Transfer between Droplets and Vapour inside
the Concave and Convex Boundary Layer at Different Distance fro*
the Blade Surface when t ^ *  85 C and 0.5 p® .
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Fig. 7. 82 : Variation of the Hass Transfer between Droplets and Vapour inside 
tthe Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when t^ s 66 °C and d^= 0.1 ym .
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Fig. 7. 83 : Variation of the Mass Transfer between Droplets and Vapour inside
the Concave and Convex Boundary Layer at Different Distance from
the Blade Surface when t ^ =  70 C and d^s 0.1 u® .
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Fig. 7. %k : Variation of the Maas Tranafer between Droplets and Vapour inside 
the Concave and Convex Boundary Layer at Different Distance froa 
the Blade Surface when t^ * 75 °C and d^= 0.1 ym .
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Fig. 7. 85 : Variation of the Mass Tranafer between Droplets and Vapour inside
the Concave and Convex Boundary Layer at Different Distance from
the Blade Surface when t ^ »  80 °C and d1= 0.1 p  .
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Fig. 7. 86 : Variation of the Maaa Transfer between Droplets and Vapour inaide 
the Concave and Convex Boundary Layer at Different Distance iron

°C and d^= 0.1 juu .
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Fig. 7. 87 ; Variation of the Haas Transfer between Droplets and Vapour Inside
the Concave and Convex Boundary Layer at Different Distance from
the Blade Surface when tw, - 66 °C and d, = 0.05 p  .
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Fig. 7. 88 : Variation of the Masa Transfer between Droplets and Vapour inside 
the Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when t ^ »  70 °C and d^* 0.05 >un .
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Fig. 7. 89 : Variation of the Masa Transfer between Droplets and Vapour inside
the Concave and Convex Boundary Layer at Different Distance fro*
the Blade Surface when t ^ s  75 °C and d^» 0.05 Jia .
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Fig.7. 90 : Variation of the Mass Transfer between Droplets and Vapour inside 
the Cocave and Convex Boundary Layer at Different Distance from 
the Blade Surface when t^s 85 °C and d^= 0.05 }un .
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rig. 7. 91 : Variation of the Mass Transfer between Droplets and Vapour inside 
the Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when t^= 85 °C and d^= 0.05 .
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Fig. 7 . 9 k  : Variation of the thermophoretic Velocity of the Droplets inside 
the Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when t^s 66 °C and d^= 1.0 pm.

Fig. 7.95 : Variation of the Thermophore tic Velocity of the Droplets inside

the Concave and Convex Boundary Layer at Different Distance from

the Blade Surface when t ^ *  70 °C and * 1.0 pa .
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Pig. 7.96 : Variation of the Thermophoretic Velocity of the Droplets inside

the Concave and Convex Boundary Layer at Different Distance from

U e  Blade Surface when 1^=75 °C and dj = 1.0 pn .

Fig. 7.97 : Variation of the Thermophoretic Velocity of the Dropleta inside
the Concave and Convex Boundary Layer at Different Distance from
the Blade Surface when twl= 80 °C and d^s 1.0 pa .



Th
er

mo
ph

or
et

ic
 v

el
oc
it
y,
 V

- 
(c
m/
a)

Pig. 7.98.: Variation of the Thermophoretic Velocity of the Droplets inside 
the Cone ve and Convex Boundary Layer at Different Distance from 
the Blade Surface when twl*85 °C and d^* 1.0 pm .
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Fig. 7.99 : Variation of the Thoreiophoretic Velocity of the Droplete Inelde

theCbnceve and Convex Boundary Layer at Different Distance fro.
the Blade Surface when twl« 66 C and dj=1.0 f m  .
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Fig. 7.100 : Variation of the Thennophoretic Velocity of the Droplets inside 
the Concave and Convex Boundary layer at Different Distance from 
the Blade Surface when t|rl= 70 °C and d^s 0.5 pm .

Fig. 7.101 : Variation of the Thermophoretic Velocity of the Droplets inside
the Concave and Convex Boundary Layer at Different Distance from
the Blade Surface when twj= 75 °C and d ± - 0.5 um .
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Fig. 7.102 : Variation of the Thermophoretic Velocity of the Droplets inside 
the Conca a and Convex Boundary Layer at Different Distance from 
the Blade Surface when 80 °C and d^ = 0.5 pa .
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Fig. 7.103 : Variation of the Thermophore tic Velocity of the Droplets inside 

the Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when t^s 85 °C and d^= 0.5 •
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Fig. 7.10P : Variation of the Thermophoretic Velocity of the Droplets Inside 
the Concave and convex Boundary Layer at Different Distance from 
the Elade Surface when t^= 66 °C and dj* o.l ym .
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Fig. 7.105 : Variation of the Thermophoretic Velocity of the Droplets inside 

the Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when ^^*70 °C and d^= 0.1 ua .
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Fig. 7.106 : Variation of the Thermophoretic Velocity of the Dropleta inaide 
the Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when t . s 75 °C and da* 0.1 ua .
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Fig. 7.107 : Variation of the Thermophoretic Velocity of the Dropleta inaide
the Concave and Convex Boundary Layer at Different Distance fro«
the Blade Surface when t ^ *  80 °C and d^= 0.1 pa •

Th
er
mo
ph

or
et

ic
 v

el
oc

it
y,

 V
T 

(c
m/
a)
 

Th
er

ao
ph

or
et

ic
 v

el
oc

it
y,

 V
T 

(c
m/

Fig. 7. 108 : Variation of the Theraophoretic Velocity of the Dropleta inaide 
the Concave and Convex Boundary Layer at Different Diatance from 
the Blade Surface when t^ = 85 °C and di= 0.1 pm .

Fig. 7. 109 : Variation of the Theraophor.tic Velocity of the Dropleta inaide
the Concave and Convex Boundary Layer at Different Diatance froa
the Blade Surface when t ^ .  66 °C and d ^  0. 05 p m .
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Fig. 7. 110 : Variation of the Theraophoretic Velocity of the Droplets Inside 

the Concave and Convex Boundary Layer at Different Distance from 
the Blade Surface when t^ s 70 °C and d^= 0.05 pn .
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El*. 7.111 : Variation of the Theraophoretlc Velocity of the Dropleta Inalde 

tthe ConcaTe and Convex Boundary Layer at Different Dletance fro. 
the Blade Surface when t^ . 75 °C and d^* 0. 05 .

El*. 7. 112 : Variation of the Thernophoretlc Velocity of the Droplets Inside 

the Concave and Convex Boundary Layer at Different Distance fro« 

the Blade Surface when t^* 80 C and dj* °*05 P® •
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Fig. 7.117 : Variation in Knudsen Number along y-axia for a
range of Blade Surface Temperatures when <^=1.0 Jim .
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Fig. 7.118 : Variation in Knudsen Number along y-axia for a
range of Blade Surface Temperatures When d.j=0.5;im.
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Fig. 7.119 s Variation in Diffusion Coefficient along y-axis 
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dj* 1.0 pa .

Ve
rt

ic
al

 d
is
ta
nc
e,
 y

 
(p
m)
 

Ve
rt
ic
al
 d
is
ta
nc
e,

D (m2/s) xlO“9 D (bi2/ b) xlO“9 D (m2/s) xlO”9

D (a2/s) xlO“9 D (a2/s) xlO"9

Fig. 7.120 : Variation in Diffusion Coefficient along y-axis
for a range of Blade Surface Temperatures when
d1= 0.5 pa .



Ve
rt

ic
al

 d
is

ta
nc

e,
 y

 
(ur

n) 
Ve

rt
ic

al
 d

is
ta

nc
e,

Fig. 7.121 : Variation in Diaensionless Relaxation Tiae along
y-axis for a range of Blade Surface Teaperaturea
when d^* 1.0 j i b  .

Fig. 7.122 : Variation in Dimensionless Relaxation Tine 
along y-axia for a range of Blade Surface 
Temperatures when d^= 0.5 pa .
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Fig. 7.123 : Variation of the Net Deposition Velocity Inside the Concave 
and Convex Boundary Layer at Dlffsrent Distance fro* the 
Blade Surface when t^* 66 °C and d^a 1.0 ya.

Fig. 7. 124 : Variation of the Net Deposition Velocity of Droplets inside
the Concave and Convex Boundary Layer at Different Distance
fro« the Blade Surface when t ^ *  70 °C and d^= 1.0 ua .
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Fig. 7.125 : Variation of the Net Deposition Velocity of Droplets inside 
the Concave and Convex Boundary Layer at Different Distance 
fro« the Blade Surface when t^* 75 °C and d^= 1.0 pc .

Fig. 7.126 : Variation of the Net Deposition Velocity of Droplets inside
the Concave and Convex Boundary Layer at Different Distance
fro« the Blade Surface when t ^ *  80 C and d^» 1.0 pn .



Fig. 7.127 : Variation of the Net Deposition Velocity of Droplets Inside 
the Concave and Convex Boundary Layer at Different Distance 
from the Blade Surface when t^ = 85 °C and d^= 1.0 /an .

Fig.7.128 : Variation of the Net Deposition Velocity of Droplets inside
the Concave and Convex Boundary Layer at Different Distance
free the Blade Surface when twl* 66 cC and dj* 0.5 •
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Fig. 7.129 : Variation of the Net Deposition Velocity of Droplets inside 
the Concave and Convex Boundary Layer at Different Distance 
from the Blade Surface when twi= 70 °C and dj= 0.5 /un .
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Fig. 7.130 : Variation of the Net Deposition Velocity of Droplets inside
the Concave and Convex Boundary Layer at Different Distance
from the Blade Surface when twl= 75 °C and d^* 0.5 pa .
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Fig. 7. 131 : Variation of the Net Deposition Velocity of Droplets inside 
the Concave and Convex Boudary Layer at Different Distance 
from the Blade Surface when twl= 80 °C and d^= 0.5 .

Fig .7.132 : Variation of the Net Deposition Velocity of Droplets inside 
the Concave and Convex Boundary Layer at Different Distance
fro« the Blade Surface when t * 85 °C and dj* 0.5 M* • wi
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Fig.7- 133 : Variation of the Net Deposition Velocity of Droplets inside 
the Concave and Convex Boundary Layer at Different Distance 
from the Blade Surface when ^ = 6 6 ^  and dj* 0.1 pir
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Fig. 7.134 : Variation of the Net Deposition Velocity of Droplets inside
the Concave and convex Boundary Layer at Different Distance
from the Blade Surfaca-when t ^ «  70 °C and d^= 0.1 urn .
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Fig. 7. 135 : Variation of tha Net Deposition Velocity of Droplets inside 
tthe Concave and Convex Boundary Layer at Different Distance 
fron the Blade Surface when t^E 75 °C and d^» 0.1 ym .
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Fig. 7. 136 : Variation of the Net Deposition Velocity of Droplets inside
the Concave and Convex Boundary Layer at Different Distance
fron the Blade Surface when t ^ »  80 °C and d^* 0.1 y m .
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Fig. 7. 137 : Variation of the Net Deposition Velocity of Droplets inside 
the Concave and Convex Boundary Layer at Different Distance 
from the Blade Surface when 85 °C and dj» 0.1 job
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Fig. 7.138 : Variation of the Net Deposition Velocity of Droplets in6ide
the Concave and Convex Boundary Layer at Different Distance
from the Blade Surface when t ^ E  66 °C and d^s 0.05 pa .
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Fig.7.139 : Variation of the Net Deposition Velocity of Droplets inside 
the Concave and Convex Boundary Layer at Different Distance 
from the Blade Surface when t ^ a  70 °C and d^= 0.05 pa .

Flg.7.1J»0 : Variation of the Net Deposition Velocity of Droplets inside
the Concave and Convex Boundary Layer at Different Distance
froa the Blade Surface when t ^ *  75 °C and dj* 0.05 ua .
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Fig. 7. 1U1 : Variation of the Net Deposition Velocity of Droplets inside 
the Concave and Convex Boundary Layer at Different Distance 
froa the Blade Surface when t^ « 80 °C and dj* 0 05 .
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Tig. 7. H 2  : Variation in the Net Deposition Velocity along
y-axls for a range of Blade Surface Teaperaturea 
when dj* 1.0 pa .
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7.1*t3 : Variation in the Net Deposition Velocity along
y-axls for a range of Blade Surface Temperatures 
when di= 0.5 pa .
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Fig. 7. J M  : Variation in the Net Dapoaition Velocity along
y-axla for a range of Blade Surface Teaperaturea 
when dj« 1.0 pm .
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Fig. 7. H 5  : Variation in the Net Deposition Velocity along
y-axia for a range of Blade Surface Temperatures 
when di= 0.5 pa .
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fig. 7.11*6 : Distribution of Local and Accumulated Deposited Water on 
the Blade Surfaces when t^ = 61*.0°C and d^a 1.0 pa.

fig. 7.11*7 : Distribution of Local and Accumulated Deposited Water
on the Blade Surfaces when t^ w 61*.5 °C and dj= 1.0 pm .
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^lc.7.lUP : Distribution of Local and Accumulated Deposited Water
on the »lade Surfaces when twl* 65.0 °C and d1= 1.0 pm .
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rltf.?.lU9 : Distribution of Local and Accumulated Deposited Water
on the Blade Surface when t^ * 65.2 °C and d^* 1.0 pm .
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Bis. 7.ISO : Distribution of local and Accumulated Deposited Water 

on the Blade Surface when ^ = ¿ 5 - 5*tand <*i- 1,0 P” •
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*■1*. 7.151 : Distribution of Local and Accumulated Depoalted Water 
on the Blade Surface when t^« 32 °C and dj* 1.0 Jim .

Fl^.7.152 : Distribution of Local and Accumulated Deposited Water 
on the Blade Surface when t^s 32 °C and d^» 0.5 pm .
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Fig.7.153 : Distribution of Local and Accumulated Depoalted Water 

on the Blade Surface when t^ s 32°C and d̂ * 0.1 urn .
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Fig. 7.15U : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Concave Surface when twi= 85 C
and d^= l . C  Jin .

K/C H O N G  THE CONCAVE SURFACE

Fig. 7.155 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Concave Surface when tw±= 85 C
and dj= 0.5 ju® •

i

0. 5 0. 6 0. 7
* n ~  ALONG THE CONCAVE SUPfACE

Fig. 7.156 : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Concave Surface when twi= 85°C 
and d^= 0.1 pm .
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Fig. 7.157 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Concave Surface when twi= 85°C
and djs 0.05 pi .
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Fig.7.158 : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Convex Surface when t^= 85°C 
and d^= 1.0 fim .

X/C ALONG THE CONVEX SURFACE

Fig. 7.159 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Convex Surface when twl= 85°C
and d^= 0.5 pm .
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Fig. 7.160 : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Convex Surface when twi= 85“c 
and d^= 0.1 jum .
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Fig. 7.161 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Convex Surface when twl= 85°C
and d^= 0.05 pa .



H/C ALONG 1HE CONCAVE SURFACE

Fig. 7.162 : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Concave Surface when twi= 80°C 
and d^= 1.0 um .

X/C ALONG THE CONCAVE SURFACE

Fig. 7.163 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Concave Surface when t^= 80°C
and d^= 0.5 jam .
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Fig. 7.16tf : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Concave Surface when t^s 80^0 
and di= o.l pm .
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Fig. 7.165 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Concave Surface when t^= 80°C
and d^= 0.05 pm .
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Fiff. 7.166 : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Convex Surface when t^= 80°C 
and d^= 1.0 jua .

Fig. 7.167 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Convex Surface when twl= 80°C
and djs 0.5 fia .
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: Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Convex Surface when t .= 80°C 
and \ =  0.1 urn . Wl
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Fig. 7.169 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Convex Surface when twi= 80°C
and d^= 0.05 .



X/C ALONG THE CONCAVE surface

Fig. 7.170 : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Concave Surface when twi= 75°C 
and d1= 1.0 Jim .

X/C »LONG THE CONCAVE SURFACE

Fig. 7.171 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Concave Surface when twi= 75 C
and d^s 0.5 p  .
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Fig. 7.172 : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Concave Surface when tw^= 75°C 
and d^= 0.1 pin .

Fig. 7.173 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Concave Surface when t_^= 75 C
and d^= 0.05 pm .
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7 .1 7 k : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Convex Surface when t = 75°c
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Fig. 7.175 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Convex Surface when t̂  75 C
and d ^  0.5 •
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Fig. 7.176 : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Convex Surface when t 75°C 
and di= 0.1 pm .
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Fig. 7.177 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Convex Surface when twi= 75°C
and d^« 0.05 p  •



X/C »LONG THE CONCAVE SURFACE

Fig. 7.178 : Profile of Fog Droplet Cloud Baee and of Boundary 
Sublayar along the Concave Surface when 70°C
and d^= 1.0 pm .

X/C ALONG THE CONCAVE SU RFACE

Fig. 7.179 : Profile of Fog Droplet Cloud Baee and of Boundary
Sublayer along the Concave Surface when t^= 70 C
and d^s 0.5 p* .
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Fig. 7.180 : Profile of Fog Droplet Cloud Baee and of Boundary 
Sublayer along the Concave Surface when t ,= 70°C 
and d^= o.l pa .

X/C ALONG THE CONCAVE SURFACE

Fig. 7.181 : Profile of Fog Droplet Cloud Baee and of Boundary
Sublayer along the Concave Surface when t^s 70°C
and djs 0.05 p» .
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X/C ALONG THE CONVEX SURFACE

Fig. 7.182 : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Convex Surface when t^s 70°C 
and d^= 1.0 pm .

Fig. 7.183 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Convex Surface when t^* 70 C
and d^= 0.5 pm .
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Fig. 7.l8if : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Convex Surface when twl= 703C 
and di= 0.1 pm .

X/C ALONG THE CONVEX SURFACE

Fig. 7.185 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Convex Surface when t^s 70°C
and d^= 0.05 pm .



x/c along ih e  concave surface

Fig 7.186 : Profile of F«g Droplet Cloud Base and of Boundary 
Sublayer along the Concave Surface when t^= 66 C 
and d^s 1.0 pi .

X/C ALONG IHE CONCAVE SURFACE

Fig. 7.187 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Concave Surface when t^* 66 C
and dj= 0.5 pi .
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Fig 7.188 : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Concave Surface when 66°C
and d±= 0.1 pm .

X/C ALONG THE CONCAVE SURFACE

Fig. 7.189 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Concave Surface when t,= 66°Cwiand d^= 0.05 pi .



Fig. 7.190 : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Convex Surface when twj= 66 C 
and d^= 1.0 p* .

Fig. 7.191 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Convex Surface when tw±= 66 C
and d±= 0.5 fm  .

POO

IPS
i

4. ISO
•/>
X

IPS

X 
r 1 100

1

UJ I’C

X

In so
r 1

PS

0. 1 0.2  0 .3  0.4 0. S 0.6

X/L ALONG IMP. CONVEX SURFACE

Fig. 7.192 : Profile of Fog Droplet Cloud Base and of Boundary 
Sublayer along the Convex Surface when t^= 66l'C 
and d^= 0.1 pm .
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Fig. 7.193 : Profile of Fog Droplet Cloud Base and of Boundary
Sublayer along the Convex Surface when t^ = 66°C
and dj= 0.05 pm .



F l« . 7.195 : Distribution oí Partieal Dopooltloa on Dnhaatnd Bind« Burine* 
•hon üj» 11.2 */• nnd ■ 0.186 pa .

F U .  7.196 I D lntrlbutloa of F a rtln l*  Dnpoaitlo* oa Oaknatad Biado (arfan* uhaa U¿a 13.0 aad ^ ■ 0.186 pa .
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Fig. 7.197 : Dlntrlbutloa of Partiel* Deposition on tbs Hsstnd Bind* Burine# 
sbna 13.0 m/t nnd dn > 0.186 pa .

F i t .  7.196 i D istribu tio n  of P nr t ie n i Dspoaltloa oa BafcsaUd Bind# (arfan * tfcaa B j*  9.5 V *  aad d ^ • 0.186 fm .



T ig . 7.199 : Diatribatlon of Portici» D»po»itlon on th» H»»t»d Bl»4» Surf*«» 
■ta»n üj» 9.5 b/b »ad d ^ « 0.186 pa .
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Tig. 7.198 I Di»trib*tion of P a rtid a  D*po«itlon oa tfco S»«t»d Blad» Sarfao» «k»a ü j .  U . 2 m/B »ad 0.18« pm .
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71g. 8.1 : Th«rmodynaaic Proc••••• lnald« th» P«nultiaat« and 
Laat Stag«a ln th« L.P. Turbin« *h«t th- Bl-d«a of 
th« Laat Stator ar« Unh«at«d and Internally H«at«d.



F ig .  8 .2  : P a th s  o f  the Vapour and Condensate in s id e  the 

H o llo w  Diaphragm  .

(a )  S u g g e s t io n  from R e f . (106 )

(b ) New su g g e s t io n .
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Rig. 8.1* : Indices of 'Wages' and ' Material and Fuel* for the Electrical Machinery 
Industries and the weighted average index over the period 1967 - 1983 .
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T ig . 8.3 : Th. Cash Flow. ( Oo.t. end Benefit.) OT.r the Tnrbln. Life
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rig. 8.6 : CEGB Borrowing Rates and Bank Lending Rates over the Period **rom 1967 to 1983

Rig. 8.5 : Coat of Coal Energy for the Period 1967-2007 .
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.7 : V a r ia t io n  o f the N et P re se n t  V a lu e  (NFV) w ith  the 

D isco u n t  R a te - fo r  D e te rm in in g  the Y ie ld  ( IR R )
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8.8 : D i s t r ib u t io n  o f the Cash F lo w s over the L i f e  o f  

the P ro je c t .

(a )  F o r  i l l u s t r a t e d  example .

(b ) F o r  the p re se n t p ro je c t ,
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pi*. 8.10 : Cumulative Present Value of Project Case II over the Life of the Turbine (1982-2022). 
Discount Pates; an assumed value of 9& for the whole life of the project.
Inflation; an assumed value of 7% for the whole life of the project.

Fi*. 8.9 t Cumulative Present Valu, of Project Cu. I ov.r th. Life of the Turbine (1967-2007)• 
Discount Feteet actuel borrowing rate* for r»ara 0-15 «=<1 «” aaauaei 9* for year* 6 

and thereafter •
inflation; actual value. for year. 0-15 and an a.aua.d «lue of 7% for ye«- 16 and

Cu
mu

la
ti

ve
 p

re
se
nt

 v
al
ue
 
of
 
th
e 

pr
oj
ec
t 

(£
m,
 
19
67
 p

ri
ce
s)
 

Cu
mu

la
ti

ve
 p

re
se
nt
 v

al
ue
 
of
 
th
e 

pr
oj

ec
t 

(f
cm
, 

19
67
 p

ri
ce
s)

o * B 12 1« 20 29 28 52 3Ò «
Year number ( 1967 = year 0 )

•'ig. 8.12 : Cumulative Present Value of Project Case 1 over the Life of the Turbine (1967-2007), 
showing the Effect of Different Inflation when Interest Rate after year 15 is %  .

rig. 8.11 : Cumulative Present Value of Project Case I over the Life of the Turbine (1967-2007) 
showing the Effect of Different Inflation when Interest Rate after year 15 ie %  .
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Fig. 8.18 : Variation of the F*t Present Valua and Profitability Indax of Project Case II 
with the Paal Pata of Intaraat for Economic Scenarios k and E .

Fig. 8.17 : CuauUtlT« Present Valu» of Projet Caa» II over th» Life of th» Turbin» (1982-2022), 
showing th« Effect of Différant Inflation when Interest Bate la 17% .
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Fig. 8.19 : Distribution of Cash Flows of the Project for a 
Nuclear Station, Compared with a Coal Station .


