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ABSTRACT

During gas turbine operation, large amounts of small particles are ingested
along with the air inflow. As a result, the blade shape changes over time, hence
affecting the air flow pattern and reducing efficiency. Field tests and operator
experience have shown that online water washing systems help to regain power lost
due to contaminant build up on the compressor blades. This technology involves
injecting fine atomized sprays of water through nozzles into the air stream. Poorly
designed online washing systems may result in inefficient operation that does not lead
to the expected improvement in gas turbine efficiency. For this reason, the efficient
design of compressor online washing systems is crucial if the desired output of
performance recovery is to be realized. An optimum design requires controlling the

water spray characteristics at the inlet to the compressor first stage.

The current work is based on a numerical approach to propose a generalized
and structured methodology for optimizing gas turbine online washing systems. The
approach is applied to optimize the design of the online washing system for the
General Electric gas turbine model MS5002. Comparisons between the optimized
design and the current design are also presented. Numerical optimization results show
that an optimum design of the online washing system for MS5002 gas turbine is
feasible for the following nozzles system: 11 axial nozzles and 12 radial nozzles,
equally spaced. the optimized nozzle diameter is 1.5 mm, mass flow rate is 0.1672
kg/s, and half-cone angle is 15° for axial nozzles. For the radial nozzles, the optimized
nozzle diameter is 1.1 mm, mass flow rate is 0.1533 kg/s, and half-cone angle is 54°.
With this system droplet size in the range of 55 — 150um, impact velocity of 110-
113 m/s, and water covers the entire outlet boundary of bell mouth uniformly.
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Chapter 1

Introduction

Gas turbine efficiency depends significantly on the state of its compressor.
During its operation, compressors suffer from the accumulation of fouling on the
blades causing changes in the blades' airfoil shape. This, in turn, affects the
aerodynamic characteristics and the surge limit of the blade by increasing the incident
angle and the surface roughness which results in reduction of the compressor throat
area . With time, this problem leads to reduction of the power output of the gas
turbine, where 70-80% of gas turbine overall performance loss is caused by fouling
[1]. Burning higher amount of fuel becomes necessity to compensate for the
reduction of efficiency, in a time where the world is suffering from the lack of oil
resources and the increase of energy demand. Energy demand is expected to increase
by 50% in 2050 than it was in 2005 [2].

It has been shown by a study published by the World Energy Council that
there is a gap between the current average performance and the top optimized power
plant, eliminating this gab saves approximately US$80 billion per year [3].
Nevertheless burning higher amount of fuel leads to increase of emissions to the

atmosphere which is a growing problem worldwide.

Making the compressor operates near its design point requires keeping the
blades clean and in shape. Although the installation of air filtration in the air intake
reduces the contaminants carried with air entering the compressor, fouling is not
avoidable [4]. Accordingly, the need of washing compressor blades regularly
becomes necessity . Many approaches where adopted over time for this purpose,
starting with the most obvious way, manual cleaning. despite the great benefits of this
approach in delivering the desired performance recovery, clearly, it is not an efficient
approach as it requires the shut down and dis-assembly of the engine to clean it [5].
As a more efficient approach, grid-blasting method was considered, where deposits
removed by injecting charcoal, rice, nutshells, or synthetic resin particles in the
direction of air while the engine is running. This approach does not require shutting

1



down the engine and less labor is needed [6]. However the potential of erosion is high
due to the impact of solid particles into blades. Eventually a more reliable and
efficient approach floats to surface, which is injecting water, with or without
additions, where this approach can be done by two processes: online or offline
washing [5].

Offline washing takes place while the power plant operates at very low
rotational speed which requires to put the gas turbine off duty very frequently causing
problem especially for heavy duty industrial gas turbine, Alternatively, the use of
online washing system becomes the solution. As the use of online washing system
does not replace the need of offline washing but it spans the interval between one

offline wash to another, in other words online and offline are complementary.

Online washing operates while the power plant is running at full speed and
full load [5] by injecting water from high pressure spray nozzles at the intake of gas
turbine. Water injected at high speed causes the water to break up to micro level
droplets impacting the compressor blades at high speed leading to the removal of the
fouling accumulated on the blades. However, poorly designed online washing system
results in useless design that does not deliver its essential purpose if the injected
water particles impact the compressor casing instead of compressor blades or worse,
compressor blades can suffer from erosion if the water droplet sizes impinging the
blades exceed the acceptable limits. Moreover, it can affect the centrifugal forces on
the blades if the water was not distributed uniformly across the whole cross-sectional
area of the compressor [5].

According to what is mentioned above, the efficient design of compressor
online washing system is crucial if the desired output of performance recovery to be
realized. An optimized design must include: selecting the appropriate location to
install the spray nozzles, controlling the water droplet size and speed at entrance to
compressor first stage, selecting the proper nozzle cone angle to ensure the water
covers the entire compressor cross-sectional area uniformly, deciding the required
water-to-air ratio for the given engine based on its power output and operation
conditions [7], and tracking the droplet path to reduce the amount of water drops

impacting the compressor casing.



Due to the complicated nature of the multiphase problem associated with
injecting water sprays in the continuous airstream, there is no direct method found in
literature to quantitatively determining the spray characteristics (especially droplet
size). Although there are many empirical equations found in literature to calculate the
droplet Sauter Mean Diameter (SMD), these relations are valid for limited ranges and
limited conditions. Alternatively, computational fluid dynamics (CFD) has provided
many models describing the dynamics of liquid jets in gaseous flow that can be used
to characterize the breakup process. Many numerical approaches were introduced in
the literature to describe this phenomenon such as Taylor Analogy Breakup (TAB)
[8], Reitz & Diwakar [9]. CFD comes as a very effective alternative for the costly
experiments which require advanced optical techniques and special conditions to

perform.

The current work is based on a numerical approach to propose a generalized
and structured methodology for optimizing gas turbine online washing systems using
ANSYS CFX 12.0 workbench which is supported with powerful tools that can be
used to accomplish the desired objective of the current work

1.1.  Literature Review
1.1.1. Historical background of compressor online washing development.

The Association of Power and Heat Generation Utilities [10] defined online
washing as "At rated (nominal) shaft speed, generally demineralized water is injected
into the engine upstream of the first compressor stage.” As online and offline washing
are complimentary the design of both systems is related, The idea of injecting water
using spray nozzles started with the offline washing approach and gradually started to
develop to online washing by the early 1970s, as washing started to take place at
higher rotational speeds [5].

At the early time of putting online washing into practice, unsatisfactory results
were obtained in terms of power recovery as Elser [11] showed in 1973 on an aero-
derivative engines, where a slow recovery of output power of 3.9% was observed
during over than 1375 hours.

In 1980s, better designs were introduced for online washing that took into
account the properties of the injected sprays and an acceptable performance of
washing was observed at high rotational speeds but reduced load [5]. By 1989,



Thames et al. [12] realized that online washing cannot replace offline washing but it
can keep compressor blades clean between one offline washing to another. It was
noticed that spray characteristics play a major role in the efficiency of cleaning, and
in 1980s the problem of erosion was highlighted due to large droplets impacting the
blade [5]. After that designers started to pay more attention to the location and
distribution of spray nozzles.

In 1991, MacDermon suggested to inject the water across the airstream rather
than parallel to it to allow the water to penetrate deep in the airstream and prevent
droplets from impacting the compressor casing [13]. Backer and Bohn claimed that to
avoid erosion, injected water should cover the entire cross-sectional area of the
compressor [14]. The relation between droplet size and efficiency of cleaning came to
picture as an important factor for efficient cleaning, the impact of large droplets
increases the potential of erosion, however large droplets can penetrate easier in the
airstream and propagate farther to later stages of compressor. On the other hand small
droplet sizes follow the air stream line and reduce the efficiency of cleaning [5].

In 1990s, a trend of quantitatively addressing the acceptable limits of droplet
size based on Sauter Mean Diameter (SMD) started, many different ranges were
published, as those ranges depend on many different factors. Eventually there was a
fair agreement that keeping the SMD in the range of 50-250um results in erosion
free efficient cleaning [15,16].

In the beginning of the current century the importance of water-to-air ratio
was further investigated. It was found in literature that water-to-air ratio in the range
of 0.2%-0.7% is recommended for engines up to 50MW [6,17,18,19]. . It was claimed
that going for higher water-to-air rations plays a key role in enhancing the cleaning
efficiency while droplet size plays a secondary role [17,18,20,21].

1.1.2. General background in spray characterization: Experimental Techniques &
Numerical Approaches
Experimental Techniques
With regard to experimental studies, spray characteristics (especially droplet
size of spray) have presented a challenge for decades to be quantitatively measured
where the atomization degree is characterized by the spray droplet size [22]. The

importance of understanding the liquid breakup processes in gaseous flow rised due
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to the fact that jet breakup is a fundamental process for many industrial applications,
mainly: cooling, fire systems, combustion, and washing. At the early times, a
qualitative understanding of spray characteristics was dominant rather than
quantitative, it was related to the operative parameters, mainly operative pressure.
The need of quantitatively determining the spray characteristics came to picture
initially for the purpose of the optimization of combustion systems as droplet size is

an important parameter.

Over time, many techniques have been used for measuring droplet size and
speed experimentally, these techniques are commonly based on optical methods, as
they do not affect the flow, such as: high speed cameras, Particle Imaging
Velocimetry (PIV), Phase Doppler Anemometry (PDA), Laser Diffraction, Pulsed
Photography, Shadowgraph, Tomographic Visualization and others.

Recently, Santagelo [22] studied the solid cone water mist spray injected from
CJX 1140 B1SG nozzle type with high operative pressure in the range 6-8 MPa,
using optical techniques, quantitative description of droplet size and flux distribution,
initial velocity and cone angle were reported. Droplet size was measured using Laser
Diffraction technique, while initial velocity and cone angle was evaluated using PIV
technique. The results reported showed that cone angle is independent of operative
pressure and it decreases as the distance from nozzle increases, where it is around 30°
near the orifice and decreases to 16-17° in few millimeters away from the nozzle.
SMD tends to decrease with the operative pressure, where 68, 65, and 62um where
reported for operative pressure values of 6, 7, and 8 MPa respectively.

Sedarsky [23] studied the breakup of water jet in cross flow air using different
optical techniques: high speed shadowgraph, PIV, and ballistic imaging under a wide
range of Weber numbers (We) and momentum flux ratios (q). Quantitative results of
droplet size, SMD, were reported and presented.

Liu and Wei-Feng [24] studied the effect of liquid nozzle diameter on the
performance of co-axial air-blast atomizer. Water/air mass flux ratio investigated was
in the range 0.137-16.6. Malvern laser particle size was used to measure SMD. The
reported results showed that liquid nozzle diameter has an effect on SMD for large

mass flux ratios while is has no effect at low mass flux ratios. A decrease of SMD



was noticed with liquid injection diameter followed by an increase for large mass flux

ratios.

Table 1.1, presents a summary of similar experimental studies found in

literature using different techniques for measuring: droplet size, velocity, cone angle,

and penetration depth.

Table 1. 1, summary of experimental studies carried out to investigate the spray
characteristics using different techniques.

Author Study Type Main parameters ';gi?;t: ;'Sg Reported results
L Injection F
Paolo E. Santagelo [22] LG J;‘;tr e pressure range PIV Dr%pilsete?;izoenand
6-8 MPa P
Water jet in .
David Sedarsky [23] transverse air We, Re, q and d; PIV, ';:T’S and Perliert?;tli%tnsizﬁl th
flow (cross-flow) g
Mono-cross
dispersed diesel freglrjoenlc; 3,: @i Long distance Drop let size and
Sung Wook Park [25] droplets in a enerafor and microscope and  droplet deformation
cross-flow air g We CCD camera rate
stream
. . m, Injection A collection of
: Y-jet nozzle with pressure and lens with a .
Yuegui Zhou [26] high liquid flow nozzle structure  focal length of Droplet size
rate in still air size 600mm
e U phoi)gglgizghy Droplet size
C.-L. Ng [27] ;lﬂ“:gc(h";itg{)@gg \'7\2’ Vg, di, q and shadowgraph, velocities and
in )z;ir Cross-fl (J) W and high-speed trajectory
imaging
Round water jet .
high-speed .
J. C. LASHERAS [28] _ by Re, and V/, visualizations Droplet size and
a high-speed and PDA breakup type
annular air jet
Water jet inair ~ Nozzle -
Zh. Zhang [29] cross-flow geometry PDA Droplet Size
R. Ragucci [30] Water jet inair Vg, Re, We, and PIV Droplet velocity
-~ag cross-flow q vectors
Liquid jet in . Tomographic
A.Cavaliere [31] high-pressure air \I\}OZ;:% <1F;2meter, visualization Jet trajectory
cross-flow o technique
Liquid jet in .
Pie-Kuan Wu [32] subsonic air cross \r?l/fr)ﬁti ?’ a'\r?gCh Dtr)(r)E;itumzte aend
flow a Py
Liquid jet in .
We, Re, Mach Droplet deformation
& s Sl €8] gase%%i\;:ross number and g rate, and velocity

K. A. Sallam [34]

Z.Liu and R. D. Reitz
[35]

Liquid (water and
athanol) jets in
still air

liquid drops
injected into a
transverse high

We, Re, g and

initial jet

diameter

Long distance

microscope and
35mm camera

Droplet size, Re,
V, and We

Relative cross stream
drop velocities and
Mean surface
efficiency factors

Droplet distortion
rate




velocity air

mass flux ratio PIV and
Hai-Feng Liu, Wei-  coaxial two-fluid  (m), Injection Malvern Laser
: . - . SMD
Feng [24] airblast atomizers  velocity, nozzle Particle
diameter Sizer

Numerical Approach

During 1980s researchers tried to model the secondary breakup process of
liquid jet in gaseous flow, starting with the famous approach introduced by Reitz &
Diwakar in 1987 [9]. The proposed model showed good performance compared to
experimental data. Also Taylor Analogy Breakup (TAB) model was introduced by
P.J.O'Rourke and A.A. Amsdem in 1987 [8], this model assumes that droplet
distortion can be modeled as one-dimensional, forced, damped harmonic oscillation
similar to the mass-spring system, also this model showed very good acceptance.
After that two models were developed from the TAB model: Enhanced Taylor
Analogy Breakup (ETAB) model [36] and Cascade Atomization and breakup (CAB)
model (Miller A. and Gidaspow D, 1992). The mentioned models adopt the "blob"
method which assumes that liquid blobs having the diameter of the injector are
introduced to the continuous flow and undergoes breakup based on the balance of the
inertial and surface tension forces [37]. Later in 2002, Schmehl introduced Schmehl
Breakup model [38], where this model uses experimental data to approximate the

droplet deformation and breakup times.

Recently, Bade [39] compared experimental results with a CFD approach
using Fluent, using a low speed (15.4 m/s) wind tunnel. The droplet size, velocity
distribution, and spray shape was investigated. The study aimed to investigate the
effect of the incident angle of the injector on the mentioned spray characteristics.
Hollow cone angle nozzle was used at low flow rate. The computational method
showed very good agreement with experimental data measured using Phase Doppler

Interferometer (PDI).

Tanner [40] used TAB model to investigate the breakup process of liquid fuel jet in
constant-volume cell. Solid-cone diesel fuel was modeled and the secondary breakup

of droplets has been investigated.



Table 1.2, presents a summary of similar studies found in literature used
numerical approaches to investigate the spray characteristics and compared to

experimental results.

Table 1. 2, summary of studies carried out to investigate the spray characteristics

using CFD
. Measuring
Author Study Type Main parameters technique Reported results
Advanced
. laser-based
High pressure Lo . . .
- Injection diagnostics Droplet Size and
Paolo E. Santagelo [41] wat;er: STillftasifray pressure (Malvern velocity
Spraytec and
PIV
Water jet in air Incidence anale Doppler Droplet size, velocity
K. M. Bade [39] (cross- and co- of iniector 9 Interferometry distribution and
flow) J System (DIS) spray shape
. . experimental drop
OSV;I:;![i?]tOF;]tIﬁ?FSr] Injection size, drop velocity
P g 9 pressure and spray penetration

A.J. Yule [42]

F.X. Tanner [40]

S.C. Kuensberg [43]

water pressure

Diesel Jet in air
cross flow

Diesel Sprays

Injector Nozzle
Geometry

Taylor analogy
breakup model
(TAB)

data

Droplet size and
breakup type

In liquid penetration,
spray angle and drop
size

1.2.  Research Approach and methodology
The main contribution of the current work is to propose a structured

methodology based on numerical approach for optimizing on-line washing system of
gas turbine that can be generally applied for any geometry. To fulfill this objective
ANSYS 12.0 workbench was used. ANSYS CFX was used to model flow dynamic
and Goal-Driven-Optimization tool was used to optimize the design.

The procedures adopted to achieve the study objective are listed below:
a. Selecting the most reliable numerical breakup model to use for modeling the flow

dynamic of the problem

This step includes validating numerical jet breakup models against

experimental studies. The tested CFD breakup models are: Reitz & Diwakar Breakup

Model, Taylor Analogy Breakup (TAB) model, Enhanced Taylor Analogy Breakup



(ETAB model), Cascade Atomization and Breakup (CAB) model, and Schmehl
Breakup model. Three cases were investigated:

e Water jet injected into still air.

e Water jet injected into cross-flow air.

e Water jet injected into co-flow air.
b. Numerical Optimization steps:

I. Introducing Geometry.

An approximate geometry of MS5002 gas turbine was used in this study. An
existing design of the online washing system allows for comparisons with the present
numerical-based design procedures

ii. Selecting the appropriate position of nozzles.

The location of nozzles was selected such that Weber number is highest to
allow maximum droplet distortion which results in a minimum droplet spray size. At
the same time position of nozzles must be selected such that momentum flux ratio is
highest to allow injected water to penetrate farther in the airstream. Fortunately both
conditions can be satisfied by injecting water inside the intake casing where airstream
speed is minimum.

iii. Determining the optimum mass flow rate per nozzle for a practical range of
nozzle diameters based on the acceptable limits of droplet size.
For each nozzle diameter, optimum range of mass flow rate per nozzle is obtained
such that the spray droplet size is kept within the acceptable limits (SMD range 50-
250u) using goal-driven-optimization tool.
iv. Determining the required water mass flow rate for the system.

For the mentioned gas turbine power output, the optimum range of water-to-air
ration can be determined, and the required water mass flow rate can be calculated.

v. Determining the required number of nozzles based on the water-to-air ratio and
optimum mass flow rate per nozzle.

Based on the water-to-air ratio the total required mass flow rate of water can be
determined, the number of required nozzles then can be calculated for different set of
mass flow rate per nozzle.

vi. Determining the optimum cone angle of nozzles.



Optimum cone angle of nozzles is the angle at which the injected water would cover
the entire cross-sectional area of compressor without water droplets impacting the
compressor casing.
c. Comparing the optimized results with the exiting online wash system.

The results obtained for the optimized design are compared with real life

existing gas turbine online wash system and recommendations are reported.

1.3.  Research results and summary of key findings

As mentioned above the work was divided into three parts: 1) Selecting the
most reliable numerical breakup model to use for the optimization procedures. 2)
Performing the numerical optimization procedures 3) Comparing the optimized
design with existing online wash system.

For part one, Reliability of several breakup models in estimating spray
characteristics particularly droplet size was investigated, for three different cases. It
was found that ETAB breakup model showed the best accuracy with Average
absolute error of 14%, 13%, and 18% for Cases A, B, and C respectively. And with
general tendency to slightly over estimating SMD values for cases A and B while it
showed a non-monotonic tendency for case C.

For part 2, numerical-based optimization procedures were performed where
ETAB breakup model was used for CFD simulations. An approximate geometry of
MS5002 gas turbine was introduced for the optimization procedures. Constraints and
criteria were collected from literature and set for the optimization procedures to
ensure efficient washing without the potential of blades erosion. These constraints
summarized as follow: SMD range of 50 — 250 um, threshold velocity (Maximum
impact velocity) of 1000 m/s, water-to-air ratio of 0.6%, minimum number of
droplets impinging the compressor casing, and injected water covers the entire cross-
sectional area of compressor. Two positions of nozzle were selected: axial and radial

nozzles.

It was found that an optimum design of online washing system for MS5002
gas turbine is feasible for the following nozzles system: 23 nozzles, 11 axial nozzles
and 12 radial nozzles, equally spaces and with operative and physical parameters of
d, = 1.5 mm, mass flow rate of 0.1672 kg/s, and half-cone angle of 15° for axial

nozzles. And for radial nozzles of d,, = 1.1 mm, mass flow rate of 0.1533 kg/s, and
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half-cone angle of 54°. With this system of nozzles all criteria and constraints were
met. Droplet size in the range of 55 — 150um, impact velocity of 110-113 m/s, and
water covers the entire outlet boundary of bell mouth uniformly.

For part 3, comparison between the optimized system and existing system of
online washing for MS5002 gas turbine was presented. Both systems used the same
axial and radial nozzle positions to allow comparison. Comparison of water-to-air
ratio showed a very good agreement with 0.6% and 0.595% for optimized design and
existing system respectively. For nozzles diameters existing design has lower values
of nozzle diameters of 0.787 and 0.584 mm for axial and radial nozzles respectively,
while optimized design has nozzle diameters values of 1.5 and 1.1 mm for axial and
radial nozzles respectively. For mass flow rates existing design has higher values of
operative mass flow rates.

Droplet mean diameter values for existing design were in the range of 25-90
um which is lower than the range of droplet diameters reported for the optimized
design. According to the droplet size for existing design it was found that most of

nozzles are operating in the inefficient washing region.
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Chapter 2

Liquid Droplet Breakup Modeling

When liquid particles injected into a continuous gaseous medium with
velocity lag between the dispersed particles and the continuous medium, reduction in
size of liquid droplet occurs due to the aerodynamic forces exerted on the droplet
surface. Understanding flow characteristics and properties, dynamic of water particles
in airflow, and breakup regimes are important to enable the modeling of the breakup
process adequately. In the current work the focus is limited to the injection of water

sprays in airflow

2.1.Fluid flow characteristics
The investigated problem is a multiphase flow containing the liquid flow

(water) injected in gaseous flow (air). The governing equations must include the
effect of the continuous gaseous flow on the liquid droplets, and the effect of the
water jet on the continuous flow [44].

To achieve the desired spray characteristics water jets should be issued at
high-pressures to undergo the breakup process, hence water Reynolds number, Re;, is
relatively high (Re; > 4000) and flow is classified as a turbulent flow [45]. Reynolds
2

. . . . - - v
number is a dimensionless number relating the inertial forces, (pd‘

), to the viscous

4

forces,(‘;—‘;"). p is the density of the liquid, u is the kinematic viscosity of the liquid,

4

V; is the injection velocity and d; is the nozzle diameter.
Re, = % (2.1)

To understand the jet breakup process, many parameters are requires to be
characterized and measured to describe the breakup process and spray characteristics
adequately. The governing parameters must highlight breakup regimes, atomization
degree, cone shape and velocity fields' distribution [22].
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Breakup regimes are characterized by two dimensionless numbers: Weber
number,We, and the Ohnesorge number, Oh. Weber number, We, defined as the ratio
between forces that act to break apart a liquid structure and the surface tension acting
to hold it together. For each type of flow (co-flow or cross-flow) We is defined in the
appropriate way to emphasize the critical breakup process, for the proposed work We
is defined in equation (1.2) below:

2.
We = Prlsupdp (2.2)

o

pr 1S the density of the surrounding fluid (air), Vg, is the relative velocity

lip
between the gaseous flow and the liquid jet in the direction of the continuous flow, d,,
is the diameter of the liquid droplet, and o is the surface tension. Usually breakup
process takes place in different regimes which are distinguished based on this

number,

If the viscosity is relatively high it can affect the boundaries between
different breakup regimes and the introduction of the Ohnesorge number,0Oh, is
required. Oh relates the viscous forces to the surface tension and it can be defined
with respect to the flow regimes. A typical equation of this number is given by
equation (1.3) below,

_ U
Oh =L (2.3)

For the current work the effect of viscosity is not significant since the
injected liquid is water which has relatively low viscosity, therefore the focus will be
limited to the Weber number, We, since if Oh < 1 it has no effect on the breakup
process [46].

Droplet size distribution and characteristic diameter of spray provide a
clear representation of the atomization degree [22]. Usually droplet size distribution
follows stochastic distribution approaches, however a simpler way of characterizing
the atomization degree is to consider the characteristic Sauter Mean Diameter SMD,
also known as D5, and defined as follows [22]:

. 3
Zk nkdp,k

- 2
Zk nkdp,k

SMD = (2.4)
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dpx is the k™ drop diameter and 7, is the rate of number of droplets having
that diameter.

In cross-flows it is important to control the penetration of liquid jet into the
gas for the purpose of achieving the required spray distribution. Jet penetration depth
is defined as the distance to which the fluid dynamic disturbance associated with the
injection extend [23]. This distance is controlled by the ratio,q, of jet momentum flux

to gas momentum flux [23], this ratio is given by:

V2
q =280 (2.5)

7
Subscript i indicates the initial liquid jet, and g denotes the gaseous flow.
Mass flow ratio is also commonly used to characterize the ratio between the
mass flow rates of liquid to the mass flow rate of air in the control volume, Mass flow
ratio is given by:

_ piVidj
PgVehg

(2.6)

2.2. Dynamics of water droplet breakup in gaseous flow
Injecting liquid spray into continuous gaseous flow with velocity lag between

the dispersed liquid particles and the continuous gaseous medium results in size
reduction in the liquid droplets. The distortion in droplet size can be characterized by
the balance of aerodynamic forces acting on the droplet surface and surface tension.
The velocity deviation between the liquid particles and the continuous medium play
the key role in droplet breakup phenomenon [47]. The droplet formation in the
continuous gaseous medium is very complicated and it takes place in two stages:
primary breakup and secondary breakup, moreover both stages occur in many
regimes, where these regimes can be distinguished based on the key governing
parameter: Weber number, We.

2.2.1. Breakup processes regimes
As mentioned earlier breakup process for water jet takes place in two stages:

primary breakup and secondary breakup. Primary breakup can be defined as the
process at which continuous column of liquid initially breaks into drops, these drops

undergo further breakup process to a finer drops these processes are defined as
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secondary breakup [23]. Each of these two stages has different breakup regimes; the
transition between these regimes is a function of Weber number,We.
e Primary breakup regimes.

Liquid jet into gaseous flow goes through a primary breakup process,
Mazallon et al. (1999) found that breakup regime transitions of the liquid jet are
determined by the Weber number, We, as follow: column breakup (We < 4), bag
breakup (4 < We < 30) (modified by Sallam et al. (2004) [33]), multimode
breakup (30 < We < 110), and shear breakup (110 < We) [27]. Those regimes
are represented in figure 2.1 [33].

For the column breakup regime, (figure 2.1.b), liquid jet column starts to deform and
take the shape of ellipsoidal cross section, and deflects in the direction of gas
velocity V. This behavior caused by reduced gas pressure along the sides of the jet
due to the acceleration of the gas across the liquid jet. For Bag breakup regime,
(figure 2.1.c), the distance between liquid particles (nodes) starts to increase i.e. the
liquid jet column width starts to increase in the direction of the low pressure in the
sides of the jet taking the shape of Bag-like structure. Shear breakup regime, (figure
2.1.e), is similar to the previous two regimes but during this regime wavelike
disturbance starts to appear in the upstream side of the deflected liquid jet, as a result
of acceleration of a fluid of higher density toward a fluid of lower density.
Multimode breakup, (figure 2.1.e), comes as a result of complex combination of the
bag breakup and shear breakup properties, it can be considered as a transition

between those regimes [33].
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Figure 2. 1. [33], Visualization of primary breakup processes of round non-turbulent liquid jets in gaseous cross-
flow: a) We = 0, no breakup; b) We = 3, column breakup; c) We = 8, bag breakup; d) We = 30, multimode
breakup; and e) We = 220, shear breakup

e Secondary breakup regimes.

Secondary breakup regimes are similar to the primary breakup regimes
(however droplets to be consider instead of continuous liquid column), it consists of
three different regimes and again the transition between them is based on the Weber
number,We: bag breakup regime12 > We > 100, stretching and thinning (stripping)
regime100 > We > 350, and catastrophic regime We > 350 [25]. Figure 2.2

represents these regimes.

Figure 2. 2. [25], Secondary breakup regimes
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2.2.2. Droplet breakup modeling: Numerical approach
As mentioned in chapter one, a trend to model secondary breakup started in

1980s, starting with Reitz & Diwakar Breakup model (R.D. Reitz and R. Diwakar
1987) [9] and Taylor Analogy Breakup (TAB) model (P.J.O'Rourke and A.A.
Amsdem 1987) [8]. Two other models were developed from the TAB model:
Enhanced Taylor Analogy Breakup (ETAB) model [36] and Cascade Atomization
and Breakup Models (CAB) (Miller A. and Gidaspow D, (1992). After that R.
Schmehl introduced the Schmehl Breakup model in 2002 [38].

Since the main concern is the final product in term of spray characteristics,
modeling primary breakup has no practical use and tends to complicate the problem
significantly, accordingly all the mentioned models are secondary breakup models
and adopt the "blob™ method which assumes that liquid blobs having the diameter of
the injector are introduced to the continuous flow and undergoes breakup process
based on the balance of the inertial forces and surface tension [37].

In some CFD packages, such as CFX, modeling using primary breakup option
can be selected based on secondary breakup models, however this option is used to
determine the initial conditions such as initial liquid velocity, yet spray
characterization in the primary stage is not valid.

Assumptions and governing equations of each of the mentioned models are

summarized below.

2.2.2.1. Reitz and Diwakar Breakup Model [9]
This model was introduced by R.D. Reitz and R. Diwakar [9] in 1987. The

model classifies the breakup regimes into: bag breakup and striping breakup. The
breakup of mother droplet to child droplets takes place if the Weber number,We,
exceeds some critical value W,,.. The breakup process is governed by the following
equation, which describes the change rate of the droplet radius:

dj — _(rp_rstable) (27)

dt tor

rp, is the droplet radius prior to breakup, rsapie is the new radius of the stable droplet

generated and ty,,. is the characteristics breakup time.
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Values of r,p1e and ty,, are calculated based on the breakup regimes as follow:

Bag Breakup

(We > W)

20

(2.8)

9

r = —
stable vaglip

(2.9)

Stripping Breakup

(" e 1)

tor = Vsrnp E—E
(2.10)
o2

Istable = m
(2.11)

The constantsC,, C,, W, and Cg, are listed in Table 2.1 below with their default

values.
Table 2. 1, Reitz & Diwakar model constants
Constant Default Value Name
C, Time Factor for Bag Breakup
C, Time factor for Stripping
W, Critical Weber Number for bag
Cs1 Weber Number Factor for Stripping

Reitz and Diwakar model is a multi-dimensional model it can characterize the

interaction between injected liquid droplets and the contentious gaseous flow in dense
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high-pressure sprays. This model accounts for the coupling effect between droplets
and gas motion i.e. it accounts for the effect of gas on the droplets and also the effect
of droplets on the gas turbulence. This model accounts for droplets breakup, droplets
collision and coalescence as well. The approach of this model is based on the
assumption that atomization and breakup are indistinguishable within the dense
sprays near nozzle exit, therefore it assumes atomization takes place on the nozzle
injector with droplet having diameter equal to the nozzle diameter. Once the droplet
leaves the nozzle it goes through the breakup process due to the interaction with the

gas [9].
2.2.2.2.  Taylor Analogy Breakup (TAB) Model [8]

This model was proposed by P.J.O'Rourke and A.A. Amsdem in 1987, it
assumes that droplet distortion can be modeled as one-dimensional, forced, dumped
harmonic oscillation similar to the mass-spring system. Where the viscosity is
assumed to be the dumping force and surface tension acts as a restoring force, this
model uses a dimensionless value for the deformation of droplet size, y = 2(¥/y),
where x described the deviation of the droplet equator from its non-deformed position

[9] (figure 2.3), the modeling equation of y is expressed in equation (1.7) below:

5u 8o 2p VZ1'

. 2Hp . __ “PgVslip

y= r2y+ Y =3 2 (2.12)
Pp PpT Pgl

Integrating this equation leads to a time dependents equation describing the particle

distortion:
y(t) = We, + e 7 [(y0 — We..)cosot + (y—° + y‘)%we”) sinwt] (2.13)
(0] olp
Where,
2

o 2ppr

D Cq
oG 1

ppr t5

For TAB model y(0) = y(0) =0
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From equation (2.12) dimensionless particle distortiony, breakup occurs if
(y > 1) i.e. when the deviation of the droplet equator from its equilibrium position
has become larger than half of the radius of the droplet [8].

Figure 2. 3. [25], Particle Distortion

The Saunter mean radius (SMD) of the child droplets generated is calculated from the
following equation:

3
I'p,Parent =1+ 04K+ Pprp,Zarent Y(Z) (6](_5)] (214)

I'p,Child 120

This equation is based on the conservation of surface energy and energy
bound in the distortion and oscillation of the parent droplet and surface energy and
Kinetic energy of the child droplets [8].

Table 2.2 below presents the model constants and their default values. [8]

Table 2. 2, TAB model Constants

Constant Default Value Name

Cp 0.5 Critical Amplitude Coefficient
Cq 5.0 Damping Coefficient

Cs 1/3 External Force Coefficient

Cx 8.0 Restoring Force Coefficient
C, 1.0 New Droplet Velocity Factor
K 10/3 Energy Ratio Factor
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The weakness of this model is the large underestimation of the breakup time
because the initial conditions are set to zero y(0) =y(0) =0, this leads to

underestimation of penetration length.

2.2.2.3.  Enhanced Taylor Analogy Breakup (ETAB) Model [18,32]
This model is based on the same assumptions of the TAB model except it

models the breakup process based on the assumption that rate of child droplet
generation dn(t)/dt, is proportional to the number of the child droplets according to

the following equation:
() = 2Ky, (D) (2.15)

The constant K,,,-, depends on the break up regimes gives as:

kiw We < We,
Kbr = {

k,wvwe We > We,

With We, being the Weber number divides the bag breakup regimes from the

stripping breakup regimes.

Droplet radius of the generated droplets is estimated by the following equation:

Tp,Child —
Tpehild _ p=Kprt (2.16)
Tp,Parent

Table 2.3 below shows the ETAB model constants and their default values. [8]

Table 2. 3, ETAB model constants

Constant Default Value Name

K, 2/9 Critical Amplitude Coefficient
K, 2/9 Damping Coefficient

We, 80 External Force Coefficient

2.2.2.4.  Cascade Atomization and Breakup (CAB) Model [35]
This model is similar to the ETAB model except the constant K,,- values

defers as follow:

kiw 5<We <80
Ky, = kowvwe 80 < We <350
k3a)We3/4 350 < We
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The constants k; and k, are identical with TAB model and k;=0.05

2.2.2.5.  Schmehl Breakup Model [38]
This model was proposed by R. Schmehl [38] in 2002, it charachtarizes the

breakup process in tow phases: phase one, is based on experimental results according
experimental studies done by Hsinag et al [48] and plich eh al.[36]. it was showen
experimentally irrespective of the breakup regimes, the time required to deform a
partical from a sphere ito disk shape (see figure 2.3) is approximantely constant, and
can be calculated as,

t; = 1.6t* (2.17)

where t* is the charactereristic time and calculated as follow:

t* = Vd—lpp o (2.18)

Phase two of the breakup, which charecterises the final destraction of droplets,
is modeled by the following relations:

( 6(We—12)"°25 12<We<18
b | 245(We—12)°% 18 <We <45

4 141(We — 12)7925 45 < We < 351
10.766(We — 12)°25 351 < We < 2670

t*

k 5.5 2670 < We
and for large Ohnesorge number (Oh > 1), the following relation is applied,
tf—: = 4.5(1.20R%7%) (2.19)

similar Reitz and Diwakar model the breakup process takes place if the Weber
number exceeds some critical value, We,,, where the value of We,, is calculated as
follow:

We,, = 12(1 + 1.0770h*5) (2.20)

Depending on the Weber number the following droplet breakup scenarios are
possible:
A. Bag Breakup Regimes- Characterized by:

[12 X (1 + 1.0770h*®)] < We < [20 x (1 + 1.20h*)]
B. Multimode Regimes- Characterized by:
[20 X (1 + 1.20h*)] < We < [32 X (1 + 1.50h**)]

C. Shear Breakup Rrgimes- Characterized by:
22



[32 x (1 + 1.50h*)] < We

For the three mentioned regimes child droplet sizes and normal velocity after
breakup are computed, if the particle life time exceeds the breakup time, then breakup

occurs.

Droplet size after breakup for Bag breakup and Multimode breakup is calculated by:

d3; = d, X (1L50RO2We 325 (2.21)
Where,
Wepprr = we (2.22)

(14+1.0770h1-6)

And for Shear breakup, the Child droplet size, ds; ,..q4, IS cOmputed by:

A3z req =~ (2.23)

2
PFYSlip

Because this model divides the breackup process into two phases and the first
phase is based on experimental data for breakup times it yields to better results in
estimating the penetration depth.
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Chapter 3

CFD Secondary Breakup Models Reliability

Droplet breakup is very complicated and multi-sided phenomenon.
Operating conditions, liquid properties, continuous medium conditions and
properties, and injection direction relative to gaseous flow play a significant role in
modeling the breakup processes. For this reason modeling this problem requires to
consider all the sides of the problem and the transition between breakup regimes
should be carefully indicated. Although governing parameters, particularly Weber
Number (We) and Ohnesorge number (Oh), are commonly used to indicate the
transition point between different breakup regimes, the boundaries between these

regimes are not obvious.

Different secondary breakup models are based on certain assumptions and different
approaches, accordingly for different problems and conditions one model can reflects
more accurate results than other models. The problem of the current work includes
the breakup of water injected at co/cross airflow with velocity lag. Air is assumed to

be at atmospheric pressure (100 kPa) and at room temperature (25°C).

Before carrying out the optimization procedures, the adequate secondary breakup
model with best accuracy must be selected among the five models discussed in
chapter two. Those five models are: Reitz & Diwakar Breakup model [9], Taylor
Analogy Breakup (TAB) model [8], Taylor Analogy Breakup (ETAB) model [36] ,
Cascade Atomization and Breakup Models (CAB), and Schmehl Breakup model in
2002 [38].

To be able to select the appropriate model for the mentioned above conditions, the
performance of those models must be compared to experimental data that were
collected based on studies with similar conditions. Therefore the performance of

these models was investigated against experimental data of studies were performed to
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investigate the spray characteristics, mainly droplet size, of water sprays injected to

air. Three cases were compared:

e Water jet injected into still air. Based on a study carried out by Paolo E.
Santagelo [22].

e Water jet injected into cross-flow air. Based on a study carried out by David
Sedarsky [23].

e Water jet injected into co-flow air. Based on two studies one carried out by
Hai-Feng Liu [24], and the other study by Christopher M. Varga [49].

The mentioned above studies cover the conditions of the current work. After checking
the reliability of the investigated models, the most accurate model can selected and

range of errors analysis can be performed.

It is important to declare that reliability of breakup models model investigated in this
work is based on the current problem conditions and not necessarily to reflect similar
results for other problem with different conditions, such as combustion, where the
injected liquid is fuel and the continuous medium is at high pressure.

3.1.  Case A: Water jet injected into still air
The experimental data used for this task is the study carried out by Paolo E.

Santagelo [22], in summary this paper study the effect of high pressure water jet in
still air. The nozzle operative pressure values used in this study are 6, 7, and 8 MPa,
the nozzle used in this study has diameter d; of 0.5mm and it produces a solid cone
spray. The reported results in this paper are the droplet size (SMD) and the
dispersion.

3.1.1. Experimental setup
The experimental facility used in this paper is presented in Figure 3.1 The

nozzle has been placed at 2 m height from the floor, PIV system with Malvern
Spraytec Particle Sizer were used as data collection techniques. Nozzle type is (CIX
1140 B1SG manufactured by PNR Italia S.r.l.) with d; = 0.5mm, as shown the data

of droplet size were collected at a distance of 1 m from the nozzle orifice.
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Figure 3. 1, Experimental facility of Paolo E. Santagelo study [22]

3.1.2. Computational Setup
CFD simulations were performed using ANSYS CFX, the geometry of the

domain was set as a cylinder with a diameter of 1.5m and 1.2m length. The injection
point was placed at the center of the cylinder a distance of 0.2m from the air inlet
boundary. Mesh used in this simulation was 3D mesh with approximately 200000
total numbers of elements, with this number of elements results are mesh-
independent.

Working fluids were assumed at 25°C and the airflow at 100 kPa, the flow
assumed to be turbulent and k-Epsilon method is used to characterize the turbulence
effect. All boundaries were set to open boundary conditions. Droplet size, SMD, data
were collected at the outlet boundary.

Three cases were analyzed in this study, the conditions of each case are
summarized in Table 3.1.
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Table 3. 1, Inputs to computational setup

Case Operative Half-Cone | Initial Velocity
number Pressure (MPa) | Angle (Degree)  magnitude

(m/s)
1 6 33.1 109.5
2 7 30.4 118.32
3 8 30.6 126.49

3.1.3. Results and discussions
The experimental result of SMD reported in Paolo E. Santagelo [22] study and

the CFD simulation results of breakup models are presented in Figure 3.2. The
tendency of experimental results and breakup models goes in the direction of
decreasing droplet diameter, SMD, with the increase of operative pressure, this is
because as the liquid injection pressure P, increases the velocity lag between the
dispersed water particles and the continuous medium increases, resulting in greater

aerodynamic forces acting on the droplet surface and further distortion takes place.

Figure 3. 2, Operative pressure vs. SMD for experimental results of Paolo E.
Santagelo [22] study and breakup models

four of breakup models showed the same tendency in the direction of

decreasing droplet size with increasing operative pressure, however as clearly shown
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that TAB model and ETAB model show good agreement with the experimental
results. TAB model tends to underestimate the droplet size and this proofs the
statement mentioned in chapter 2 that TAB model tends to underestimate spray
characteristics. ETAB model overestimated the droplet size slightly while Reitz &
Diwakar and CAB models tend to greatly overestimate droplet size. Schmehl breakup
model showed odd tendency for SMD, results of this model were not plotted.

Results shown in Figure 3.2 for breakup models are based on data collected at
the outlet boundary of the computational domain, which is at an axial distance of 1 m
from injection point to enable comparison with the experimental data which were
collected at the same distance.

To enable a clear presentation of breakup models performance, Tables 3.2-6
show the variation of droplet mean particle diameter as it travels toward the outlet
boundary. From the scope of the results obtained for case A, Reitz & Diwakar models
tend to exaggerate other spray characteristics too, As shown in Table 3.2, time it takes
droplet to reach it is final size for this model is highest among the investigated
models, hence this model tends to overestimate penetration length, nevertheless it

tends to overestimate cone angle also.

Contrary, TAB model tends to underestimate spray characteristics, particularly
penetration length, as Table 3.3 presents droplet reach its final size at extremely short

time, also it shows the lowest cone angle among the investigated models.

ETAB model tends to give moderate estimation of other spray characteristics,
however there are not experimental data to judge its performance in term of
penetration depth and cone angle. CAB model shows fair results for penetration depth
and cone angle comparing to other breakup models. Schemhl model presented odd
results for SMD, with 36.1, 84.3, and 32um for p; of 6, 7, and 8 MPa respectively.
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Table 3. 2, Case A: Droplet Mean Particle Diameter variation as droplets travels

towards outlet boundary vs. Operative Pressure, Results based on Reitz & Diwakar

model

Reitz & Diwakar model

Pressur
e (MPa)

SIDE VIEW

ISO. VIEW
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Table 3. 3, Case A: Droplet Mean Particle Diameter variation as droplets travels
towards outlet boundary vs. Operative Pressure, Results based on TAB model

TAB model

Pressur SIDE VIEW ISO. VIEW
e (MPa)




Table 3. 4, Case A: Droplet Mean Particle Diameter variation as droplets travels
towards outlet boundary vs. Operative Pressure, Results based on ETAB model

ETAB model

Pressur SIDE VIEW ISO. VIEW
e (MPa)




Table 3. 5, Case A: Droplet Mean Particle Diameter variation as droplets travels
towards outlet boundary vs. Operative Pressure, Results based on CAB model

CAB model

Pressur SIDE VIEW ISO. VIEW
e (MPa)




Table 3. 6, Case A: Droplet Mean Particle Diameter variation as droplets travels
towards outlet boundary vs. Operative Pressure, Results based on Schmehl model

Schmehl model

Pressur SIDE VIEW ISO. VIEW
e (MPa)




3.1.4. Errors analysis
Two sources of errors are expected for case A, the first source of errors

comes from collecting data experimentally, and the second source of errors is
obviously computational error. Malvern Spraytec Particle Sizer used to measure
droplet size experimentally in this study is claimed to have range of inaccuracy lower
than 1% for range of particle size 0.1-2000um [22].

Absolute relative error of investigated breakup models in estimating
SMD is reported in Figure 3.3 for the applied values of operative pressure. As clearly
shown ETAB has the lowest absolute relative error with range of 3-26%, next comes
TAB model with range of 11-32%, then Schmehl model with range of 48-54%,
finally Reitz & Diwakar model and CAB models with ranges of 35-68% and 42-72%

respectively.

Figure 3. 3, Absolute relative error of breakup models in estimating SMD for Case A

To enable clearer approximation of each model error magnitude, an average value of
absolute relative error for each model is summarized in Table 3.7 in ascending order.

Table 3. 7, Average absolute relative error of breakup models for Case A

Model Average |&,|
ETAB model 14%
TAB model 22%
Schmehl model 41%
Reitz & Diwakar model 51%
CAB model 57%
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3.2.  Case B: Water jet injected into cross-flow air
The experimental data used in this case were reported for a study carried out

by David Sedarsky [23]. A variety of Weber numbers,21 > We > 122 and
momentum flux ratios, 37 > q = 153 were investigated, the study analyzed the
effect of air velocity, water velocity, and nozzle diameter on SMD. The reported
results of this study are the characteristic droplet diameter, SMD, and the penetration
length. The operative parameters for this study are presented in Table 3.8

Table 3. 8, [23], Operative parameters for David Sedarsky study

We Case di Ui Uy Re; q
(mm) (m/s) (m/s)

21 9 0.5 10.4 48 5.18 x 10° 37
21 2 0.5 21 48 1.05 x 107 153
29 4 0.7 21 48 1.46 x 107 153
34 8 0.5 135 62 6.72 x 10° 38
40 7 0.5 15 67 7.47 x 10° 40
41 6 1 21 48 2.09 x 107 153
49 1 0.5 21 74 1.05 x 107 64
68 3 0.7 21 74 1.46 x 107 64
98 5 1 21 74 2.09 x 107 64
122 10 1.25 21 74 2.61 x 107 64

3.2.1. Experimental Setup
Figure 3.4 below presents the experimental facility used for this study. As it is

shown injector is held perpendicular to the upper surface of the wind tunnel and its
orifice kept level with the channel wall. Honeycomb is mounted at the entrance of
wind tunnel to reduce any turbulent effects produced by the fan.
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Figure 3. 4. [23], Experimental facility of David Sedarsky study

Nozzle design is represented in Figure 3.5; it has four interchangeable nozzle tips of
varying exit diameter: 0.5, 0.7,1 and 1.25mm. The length to width ratio is 4 to get
good flow distribution. Three optical techniques where used to characterize breakup
processes: Particle Imaging Velocimetry, High-Speed Shadowgraph, and Ballistic
Imaging.

Figure 3. 5. [23], Schematic of nozzle used in David Sedarsky study

3.2.2. Computational Setup
CFD simulations were performed using ANSYS 12.0 CFX package, the

geometry of the computational domain was set identical to the test section geometry
used in this work (Figure 3.4). The injection point was centered at upper boundary of
the test section. Mesh used in this simulation was 3D mesh with approximately
300000 total numbers of elements, point spacing control around the injection point
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was used with radius of influence equal to 20mm and expansion factor of 1.2, with
this number of elements the results are mesh-independent.

Working fluids were assumed at 25°C and the airflow at 100 kPa, the flow assumed to
be turbulent and k-Epsilon method is used to characterize the turbulence effect.
Boundary conditions for the sides of the test section were set to wall boundary
condition type. Inputs for computational setup for all cases are listed in Table 3.8
above.

3.2.3. Results and discussions
Table 3.9 presents the reported experimental results [23] for SMD and results

obtained from breakup models. Experimental data presented in Table 3.9 collected in
the primary breakup region, however comparison with breakup models is possible
since the breakup takes place in the initial zone near injector. Yet results reported of
breakup models are collected in the initial region and any secondary breakup takes

place downstream is not considered.

Table 3. 9, SMD for the different cases reported from David Sedarsky study
compared to breakup models results

SMD (um)

Case Ve q Exp. TAB | Schemhl | ETAB CAB Reitz
9 21 37 160 173 158 181 385 343
2 21 153 292 181 156 331 441 379
4 29 153 272 180 191 297 353 313
8 34 38 179 146 144 199 312 259
7 40 40 165 133 138 116 286 229
6 41 153 357 273 248 356 480 382
1 49 64 289 116 117 260 227 179
3 68 64 222 105 149 257 202 188
5 98 64 217 157 71.2 242 285 239

10 122 64 150 109 69 123 324 247

Again ETAB model showed the best accuracy in estimating SMD for most of
cases. Also for this case Schmehl model presented good accuracy for some of the
cases. TAB model underestimates SMD values for most of the cases. Reitz &
Diwakar and CAB models tend to overestimate droplet size for this case also. Since

the experimental study focus on characterizing breakup regimes and the primary zone
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is considered only, reporting the variation of droplet size for all cases is not
significant., however one case is presented in Table 3.10 to enable a clear
presentation of the performance of the different models. Table 3.10, present the
breakup process and variation of droplet mean particle diameter as water particles
travel away from injector for case 9. Experimentally the penetration length was
reported to be 9mm. ETAB model showed the best accuracy penetration depth with
7mm, TAB model underestimated it with 3.4mm was measured for penetration depth.

All other models overestimated the penetration depth.
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Table 3. 10, Droplet mean particle diameter variation based on the investigated

secondary breakup models for Case B

Case 9

Model

SIDE VIEW

ISO. VIEW

Reitz &
Diwakar

CAB

ETAB

TAB

Schmehl
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3.2.4. Error analysis
Regarding experimental results Sedarky [23] claimed that only droplet sizes

less than 20um in the wake of liquid column are not detected. As presented in Table
3.9, SMD are in the order of 200um which is greater that the cutoff value,
accordingly results should be very accurate.

Absolute relative error of investigated breakup models in estimating
SMD is reported in Figure 3.3 for case B. ETAB has the lowest absolute relative error
with range of 0.1-18% and only case 6 showed higher error of 30%, TAB model has a
range of 8-60%, Schmehl model with range of 1-67%, Reitz & Diwakar model and
CAB models with range of 7-114% and CAB mode with range of 9-141%.

Figure 3. 6, Absolute relative error of breakup models in estimating SMD for Case B

Since the number of cases for this study is high the order of each model in
term of accuracy is not obvious, to get a clear presentation of the accuracy of each
model, an average value of absolute error is calculated and reported in Table 3.11, the
order of breakup models is ascending in term of accuracy, ETAB model shows the
best accuracy with 13% average relative error, followed by TAB model with 31%,
Schmehl comes next with 36%, Reitz & Diwakar with 38%, and finally CAB model
with 58%.
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Table 3. 11, Average absolute relative error of breakup models

Model Average |&,|
ETAB model 13%
TAB model 31%
Schmehl model 36%
Reitz & Diwakar model 38%
CAB model 58%

3.3. Case C: Water jet injected into co-flow air
For case C two studies were investigated, one study was used to

investigate the performance of breakup models in detecting the droplet size when
water is injected in parallel direction to air, this study was carried out by Liu [24].
The second study used to investigate the performance of breakup model to
characterize the change of water droplets velocity as it travels away from nozzle

orifice, this study was carried out by M. Varga [49].

3.3.1. Case C.1: Droplet size estimation
The experimental data used in this case were reported for a study carried

out by Liu [24]. In this study the effect of water jet diameter is investigated for co-
axial airblast atomizer. Rage of water to air flux ratio 0f 0.137 <m < 15.6. The
reported results are SMD values for the mentioned range of water to air mass flux
[24].

3.3.1.1. Experimental setup
Figure 3.7 presents a schematic of the airblast atomizer and the

geometry of the set used in this study. Range of water injection diameter was
used d; = {2.00,3.10,5.00,9.02,16.98}mm. Malvern Spraytec Particle Sizer
technique was used to measure the droplet size at an axial distance of 680mm away

from the orifice.
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Figure 3. 7. [24], Schematic of Airblast atomizer used in Liu study

3.3.1.2. Computational setup of Case C.1
CFD simulations were performed using ANSYS CFX, the geometry of the

domain was set as a cylinder with a diameter of 0.3m and 0.7m length. The injection
point was placed at the center of the cylinder a distance of 20mm from the air inlet.
Mesh used in this simulation was 3D mesh with approximately 260000 total numbers
of elements, with this number of elements results are mesh-independent.

Working fluids were assumed at 25°C and the airflow at 100 kPa, the flow
assumed to be turbulent and k-Epsilon method is used to characterize the turbulence
effect. Sides boundary was set to open boundary. Droplet size, SMD, data were
collected at the outlet boundary.

3.3.1.3. Results and discussions
Results CFD simulation were performed for single value of water to air mass

flux ratio m = 1. 64, this value falls in the middle of the investigated range in Liu
study [24]. Four cases where investigated based on fixed water to air mass flux ratio.
Table 3.12 presents these cases.
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Table 3. 12, Operative parameters for Case C.1. For the four cases m=1.64

Case number d; V; V,
(mm) (m/s) (m/s)
1 2.00 26.25 170
2 3.10 10.93 170
3 5.00 4.20 170
4 9.02 1.29 170

Figures 3.8 and 3.9 present the change of SMD with water injection diameter
and water injection velocity respectively in constant water to air mass flux ratio
(constant water mass flow rate) for experimental results and results of breakup
models. Again for the current Case ETAB model shows a very good accuracy, while
TAB model underestimates SMD values. Reitz & Diwakar and CAB models tend to
exaggerate values of SMD for this case also. Schemehl model showed odd tendency
and its results are not plotted. Variations of droplet size in the computational model

are presented in Tables 3.13-17 for the investigated breakup models.

Figure 3. 8, Experimental results of Lui study [24] and breakup models results for
SMD vs. water injection diameter constant water to air mass flux
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Figure 3. 9, Experimental results of Lui study [24] and breakup models results for
SMD vs. water injection diameter constant water to air mass flux
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Table 3. 13, Droplet mean diameter variation in the computational domain for Case

C.1 based on Reitz & Diwakar model

Reitz & Diwakar model

Casel Case 2
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n
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>
2
Case 3 Case 4
=
2
>
&
n
=
2
>
2
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Table 3. 14, Droplet mean diameter variation in the computational domain for Case

C.1 based on TAB model

TAB model
Casel Case 2
=
2
>
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n
=
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Case 3 Case 4
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n
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>
2
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Table 3. 15, Droplet mean diameter variation in the computational domain for Case

C.1 based on ETAB model

ETAB model
Casel Case 2
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Table 3. 16, Droplet mean diameter variation in the computational domain for Case

C.1 based on CAB model

CAB model
Casel Case 2
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Case 3 Case 4
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Table 3. 17, Droplet mean diameter variation in the computational domain for Case

C.1 based on Schmehl model

Schmehl model

Casel Case 2
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Case 3 Case 4
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3.3.1.4. Errors analysis
Absolute relative error of investigated breakup models in estimating SMD is

reported in Figure 3.10 for case C.1. ETAB presented the lowest absolute relative
error with range of 1-33%, TAB model showed a range of 48-60%, Schmehl model
showed a range of 10-37%, Reitz & Diwakar model showed a range of 35-49%, and

CAB model showed a range of 22-36%.

Figure 3. 10, Absolute relative error of breakup models in estimating SMD for Case
C.1

Average absolute error for each model is reported in Table 3.18 below in
ascending order. ETAB showed the best accuracy with 18% average absolute relative
error, followed by Schmehl model with 22%, CAB model comes next with 28%, then
Reitz & Diwakar model with 40%, and finally comes TAB model with 56%.

Table 3. 18, average absolute relative error of breakup models for Case C.1

Model Average |&,|
ETAB model 18%
Schmehl model 22%
CAB model 28%
Reitz & Diwakar model 40%
TAB model 56%
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3.3.2. Case C.2: Droplets velocity variation
Until now all the validation cases were focused on the droplet size only,

and no validation cases were performed to investigate the velocity of droplets
downstream, although droplet velocity is an important parameter in the current work,
this due to the assumption that droplets velocity reaches air velocity downstream the
injector orifice after some distance. However, although droplets velocity reaches the
continuous medium velocity eventually, it is important to investigate the distance at
which droplets velocity reaches airstream velocity. Case C.2 is focused on
investigating the behavior of water droplets velocity downstream injector orifice.

Experimental data used in this case were reported for a study carried out by
M. Varga [49]. The breakup process of liquid jet in co-axial air flow was investigated
in this study

3.3.2.1.  Experimental setup
In this study large-area co-axial liquid jet was used, schematic of the nozzle is

presented in figure 3.11. A round liquid jet surrounded by airstream, with 11.2 air-
water aria ratio which allows for uniform and simple exit conditions. High speed

video technique was used to investigate the change of water droplet velocity.

Figure 3. 11. [49], Schematic of nozzle used in M.Varga study

3.3.2.2.  Computational setup
CFD simulations were performed using ANSYS CFX, the geometry of the

domain was set as a cylinder with a diameter of 5 cm and 0.7 m length. Water inlet
region was placed at the center of the cylinder a distance of 20mm from the air inlet
region. Mesh used in this simulation was 3D mesh with approximately 170000 total
numbers of elements, with this number of elements results are mesh-independent.
Working fluid were assumed at 25°C and the airflow at 100 kPa, the flow assumed to

be turbulent and k-Epsilon method is used to characterize the turbulence effect.
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3.3.2.3.  Results and discussions
Result reported for mean slip velocity change in the axial distance away from

nozzle in M.Varga [49] study along with computational results for breakup models
are plotted in Figure 3.12. Water is injected at low speed (V; = 1.7 m/s), while air is
at relatively high speed (I; = 165 m/s), for this reason initially mean slip velocity is
negative, water speed starts to increase dramatically as it is injected to the high
momentum airstream. Due to inertia, water speed exceeds air speed at some point
resulting of mean slip velocity to reach an optimum value of approximately 20 m/s at
a distance of 225mm (x/D, = 20), after that water speed start to decelerate to reach
air velocity at a distance of 675mm (x/D, = 20). Reported experimental data of
V.Vagra [49] where measured for only few points (10 points) for this reason
turbulence effect is not shown, however computational results were reported for over

250 points and turbulence effect is clearly presented.

Figure 3. 12, Experimental results of V.Varga [49] and breakup models results of
mean slip velocity change in the axial direction away from nozzle

ETAB model shows very good agreement with experimental data. TAB model shows
good results but it underestimates the mean slip velocity while CAB model tend to
slightly overestimate it. Reitz & Diwakar model greatly overestimated the value of
mean slip velocity and Schemehl model showed odd results, later two models' results
were not plotted. Results of mean slip velocity variations in the computational
domain shown in Table 3.19 for investigated breakup models.
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Table 3. 19, Mean slip velocity variation in the computational domain for Case C.2
for breakup models

Reitz &
Diwakar

CAB

ETAB

TAB

3.4.  Conclusions
In this chapter reliability of different breakup models in estimating spray

characteristics particularly droplet size was investigated, for three cases: Case A:

water atomization in still air, Case B: water jet in cross-flow air, and Case C: water jet
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in co-axial air. For each of the three cases breakup models performance was validated
against experimental data, where experimental data were collected from literature for
experimental studies with conditions similar to the mentioned cases conditions.
Performance of five different secondary breakup models was investigated for the
mentioned purpose. For all cases simulations were performed while breakup models’
constants held to their default values.® The results of this work reflected a clear vision
for the performance of each of the five breakup models in estimating characteristics
mean droplet diameter, SMD, and other spray characteristics. Error analysis was
carried out to enable a quantitative determination of error range for each breakup
model in estimating SMD. Moreover, general tendency of each model in investigating
spray characteristics was highlighted. A summary of key findings are summarized in
Table 3.20

Table 3. 20, average absolute relative error and general tendency of breakup models
for the investigated cases

Case A: Water Case B: Water Case C: Water
injected in still Air injected in cross-flow | injected in co-flow air
Model ar
Average | General Averag | General Average | General
le, | Tendency ele,| Tendency le, | Tendency
ETAB 14% | Slightly 13% | Slightly 18% | Non-
Overestimates Overestimates monotonic
Results Results Tendency
Schmehl 41% | Non- 36% | Underestimates | 2204 | Non-
monotonic Results monotonic
Tendency Tendency
CAB 57% | Significantly 5804 | Significantly 2804 | Significantly
Overestimates Overestimates Overestimates
Results Results Results
Reitz&Diwakar 519 | Significantly 3804 | Overestimates 40% | Significantly
Overestimates Results Overestimates
Results Results
TAB 2204 | Slightly 319% | Underestimates | 504 | Significantly
Underestimat Results Underestimates
e Results Results

As reported in Table 3.20 ETAB model showed the best accuracy for all cases with a
maximum absolute relative error in the order of 18%, Accordingly ETAB model is
the most reliable model among the investigated secondary breakup models. However
one uses the results of this work should be aware that those results are valid for the

! Default values of constants for each secondary breakup model are reported in chapter 2
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investigated problem nature and conditions, and not to be generalized for other type
of problems such as atomization of fuel in high pressure air flow.

Injected water velocity change as droplets travel away from injector was
investigated too in the current work to get a clear presentation of the distance it takes
droplets velocity to reach air stream velocity, and it was shown that at an axial
distance of approximately 675 mm, water droplet velocity reaches airstream velocity
for a case with high initial velocity lag between the injected water and the airstream.
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Chapter 4

Numerical Optimization of Online Washing System for Compressor

Efficiency of washing is measured by the ability of injected water to remove
fouling accumulated on compressor blades without causing coating loss or mass loss
of blades due to the impinging of high speed water droplets. An optimum design of
online washing system requires controlling the water spray characteristics at the inlet
to compressor first stage, i.e. just before impacting the blades. Controlling spray
characteristics requires understanding the effect of nozzles geometries and type,
operating parameters, and physical parameters on the water mass flow and droplet
size distribution [26].

Droplets size must be controlled to ensure droplets size is big enough to allow
efficient washing, yet not so big to cause blades erosion. Water-to-air ratio must be
high enough to ensure efficient washing without the potential of erosion. Water
particles speed must be kept lower than the acceptable range to avoid erosion.
Nevertheless water distribution must be uniform and covers the entire cross-sectional
area of the compressor to prevent erosion and not to affect the centrifugal forces on
blades.

In this chapter an optimization procedures for online washing system of
compressor are carried out based on numerical approach. ETAB breakup model,
which showed the best reliability based on the results of chapter 3, is used for CFD
simulations. The optimization procedures aim to propose a general methodology for
optimizing the water flow characteristics to produce an efficient design of online

washing system of compressor, optimizing steps are summarized as follow:

1. Introducing Geometry

2. Setting optimization criteria and constraints
3. Computational setup

4. Selecting the appropriate position of nozzles
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5. Determining the optimum mass flow rate per nozzle for a practical range of
nozzle diameters

6. Determining the proper number of nozzles

7. Determining the optimum cone angle of nozzles

CFD simulations are performed using ANSYS12.0 CFX package and linked to goal-
driven-optimization tool, integrated in ANSYS12.0 CFX workbench, to set the limits and

boundaries for operative and physical parameters.

4.1. Physical Domain
The optimization steps are performed for an approximate geometry of

MS5002 gas turbine bell mouth (intake), an existing design of the online washing
system for this type of gas turbine allows for comparisons with the present numerical-
based design procedure. The MS5002 is a gas turbine specifically designed for
mechanical drive applications such as gas boosting, gas injection/reinjection, oil &
gas pipelines, LNG plants and gas storage. It has a broad operating speed range to
meet the operating requirements of the most common driven equipment (centrifugal
compressor and pumps) as well as the ability to burn large variety of gaseous and
liquid fuels. An approximate geometry of MS5002 bell mouth is presented in Figure
4.1

94.04

All
dimensions @325.94
incm

i @229.64
55.88 \/ 246.38

104.14

Figure 4. 1, Approximate geometry of MS5002 Gas turbine intake
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4.2. Optimization criteria and constraints
Before starting the optimization procedures criteria and constraints must be

assigned for spay characteristics. Constraints for droplet size, droplet velocity, water
to air ratio, and water distribution is collected from literature and summarized in this

section.

4.2.1. Droplet impact velocity and characteristics Sauter Mean Diameter,
SMD.
Allowable range of droplet size and impact velocity downstream at the

compressor first stage must be determined. Allowable ranges of droplet size depends
significantly on the blades materials and coating used, blade geometry, and shaft
rotational speed [50]. Accordingly, different types of gas turbine have different
ranges for droplet size and threshold velocity. However, referring to literature, for
efficient online washing there is a fair agreement that SMD should be kept in the
range of 50 — 250 um [15,16], and threshold velocity must be less than 300 m/s for
stainless steel [51].

4.2.2. Water-to-air ratio range.
Water-to-air mass flow ratio is an important parameter to consider for an

efficient design of online washing system. High water-to-air ratio can cause erosion
due to the impacting of droplets with high frequency, however going for low water-
to-air ratios with high intervals of time does not compensate for high water-to-air
ratio for short intervals of time as fouling tends to accumulate at the aft of the gas
turbine [53,54,56]. An adequate range of water-to-air ratio must be determined to
ensure efficient cleaning without the potential of blades erosion.

Water-to-air ratio required for efficient washing varies with the amount of
contaminants enters compressor and the power output of the gas turbine, however
with reference to literature water-to-air ratio in the range of 0.2%-0.7% (in mass
bases) is recommended for engines up to 50MW [6,17,18,19]. MS5002 gas turbine
falling in the given range of power output.

Going for higher water-to-air rations plays a key role in enhancing the
cleaning efficiency [17,18,20,21]. Online washing required for a certain gas turbine
varies depending on the environment and application of gas turbine, however for the
current work a high value of water-to-air ratio of 0.6% is used for the numerical-

based optimization to ensure efficient washing.
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4.2.3. Water distribution and water particle trajectory
It is important for injected water to cover the entire cross-sectional area of

compressor instead on impacting small area with high water mass flow density to
avoid erosion [14], for this reason an uniform distribution of water should be
maintained.

Also impinging of water droplets for casing walls reduce the efficiency of
washing, hence droplets trajectory should be tracked to ensure uniform distribution of
water on the entire cross-sectional area of compressor and to ensure that water

droplets are not impacting the casing of the bell mouth.

4.3. Computational setup
Creating the computer-aided design (CAD) model is the first step in the CFD

simulation process. For the present study, the CAD model representing the bell mouth
and the flow domain is shown in Figure 4.2.

Mesh used in this simulation was 3D mesh with approximately 2,080,0000 total

numbers of elements, with this number of elements results are mesh-independent.

As shown in Figure 4.2, air enters the bell mouth at a speed of 36 m/s, the air
inflow is represented by the radial arrows, while the air outflow is represented by the
axial arrows. The rest of the domain represents solid walls.

ETAB secondary breakup model, which showed the best reliability based on
the results of chapter 3, was used in the CFD simulation to characterize breakup
process. Spray of hollow-cone pattern was selected to ensure wide angle distribution.

Working fluids were assumed at 25°C and the airflow at 100 kPa, the flow
assumed to be turbulent and k-Epsilon method is used to characterize the turbulence
effect.
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Figure 4. 2, CAD model of the bell mouth and flow domain for MS5002 gas turbine

4.4.  Nozzles positions
Water nozzles can be located either inside mounted on the walls of the bell

mouth or outside at the inlet to the bell mouth. However due to the big size of this
engine, it requires big number of nozzles to wash compressor blades, and it is more
practical to locate nozzles inside the casing. Position of nozzles inside the bell mouth
must be selected such that initial velocity lag between the injected water and airflow
is highest, due to two reasons: 1) To maximize the aerodynamic forces acting on the
droplet surface and allow maximum droplet distortion which results in a minimum
droplet spray size, were droplet spray size must be in micro level to avoid blade
erosion. 2) To allow injected water to penetrate farther in the airstream, by making

flux ratio g highest.

Water injected from nozzles at high speed, so highest initial velocity lag can
be obtained by injecting water at regions where airflow speed is lowest. Figure 4.3
shows the stream lines of air inside the domain, as clearly shown airstream velocity is
lowest at the initial region near the inlet. So to maximize velocity lag water must be
injected in this region.
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a) Side View

b) Iso. View

Figure 4. 3, Air streamlines for the air velocity inside the domain

Two positions for nozzles can be chosen, the first position: on the
outer surface of the bell mouth near the inlet, and the injection direction is radial
parallel to the airflow. The second position: on the inner wall of the bell mouth, and
the injection direction is axial through the airflow. To enable comparison with
practical existing design, nozzles are positioned approximately at similar positions of
existing design, see Figure 4.4.
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Figure 4. 4, Nozzles positioning

4.5.  Optimum mass flow rate per nozzle
Operative mass flow rate, of nozzles controls the injection velocity V; of water

which characterizes the breakup process of water jet. Optimum mass flow rate of
nozzle can be determined based on the constraints of SMD rage 50 — 250 um, while
water impact velocity is controlled by the air stream velocity based on results
discussed in chapter 3 As shown in Figure 4.3, airstream velocity reaches 125 m/s at
the outlet boundary of bell mouth, water velocity is expected to reach this value.

4.5.1. Optimum mass flow rate for axial nozzle positions
Linking goal-driven-optimization tool to CFD simulations allows determining

the range of mass flow rate based on the given limits of SMD. Figures 4.5 shows the
upper and lower limits of mass flow rate per nozzle versus nozzle diameters for the
axial nozzle. The upper boundary corresponds to SMD = 50 um, and the lower
boundary corresponds to SMD =250 um.

As clearly shown for constant nozzle diameter, higher mass flow rate values are
required to produce smaller droplet size, this is because as water injection velocity
increase, more distortion of droplets takes place due to the increased aerodynamic
forces acting on the droplet surface resulting in lower droplets sizes. As nozzle
diameter increases higher mass flow rate is required to produce the same droplet sizes

since higher mass flow rate is required to produce the same injection velocity.
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Figure 4. 5, Upper and lower limits of operating mass flow rates vs. nozzle diameter
for axial position of nozzles

Based on the shown boundaries, three regions can be classified: Inefficient
washing region, Efficient washing region, and Erosion potential region.

Exceeding the upper boundary results in SMD< 50um, small droplet sizes can
affect the efficiency of washing since small droplets are not capable of removing
fouling efficiently and not capable to propagate to further compressor stages [5].
Efficient washing region corresponds to SMD range of 50 — 250 um which is the
range of droplets sizes produces an efficient washing without the potential of erosion.
Finally erosion potential regions corresponds to SMD> 250um, the impinging of
droplet with this size can results in coating loss and erosion of compressor blades.

4.5.2. Optimum mass flow rate for radial nozzle positions
. Figures 4.6 shows the upper and lower limits of mass flow rate per nozzle

versus nozzle diameters for the radial nozzles. The upper boundary corresponds to
SMD = 50 um, and the lower boundary corresponds to SMD =250 um. Similar

approach is performed to produce the mass flow rate boundaries for radial position.
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Figure 4. 6, Upper and lower limits of operating mass flow rates vs. nozzle diameter
for radial position of nozzles

Axial nozzles inject water through the airflow while radial nozzles inject
water parallel to the airflow (Figure 4.4), accordingly for same flow rate, initial
velocity lag produced by axial nozzle is higher than initial velocity lag from radial
nozzles. For this reason upper and lower boundaries of mass flow rates are slightly

shifted up for radial positions as can be seen in Figure 4.7,

Figure 4. 7, Comparison of Upper and lower limits of operating mass flow rates vs.
nozzle diameter for radial and axial positions of nozzles

4.6. Feasible range of nozzle number
A total air mass flow rate of 620.64 kg/s is entering the gas turbine, where this

amount was measured at an inlet air velocity of 36 m/s and at temperature of 25°C
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and pressure of 100 kPa. According to this amount of air and 0.6% water to air ratio,
total water mass flow rate of 3.68 kg/s is required to wash compressor blades
efficiently.

This total mass flow rate of water is injected from number of nozzles distributed
in the axial and radial positions presented in Figure 4.4. It is assumed that radial
nozzles are responsible on washing the outer cross-sectional area of compressor |,
while axial nozzles are responsible from the inner cross-sectional area of compressor,
so total mass flow rate of water is divided equally between the axial nozzles and
radial nozzles with 1.84 kg/s for each.

Next step of optimization pressures are to determine the range of nozzles
number in both the axial and radial positions that cover the total required mass flow
of water within the limits of SMD for efficient washing.

4.6.1. Number of axial nozzles
As mentioned above total water mass flow rate of 1.84 kg/s is required from

the axial nozzles. Figure 4.8 shows the intersection between lines of constant water
mass flow rate per nozzle and the three regions for axial nozzles presented in section
4.4,

Figure 4. 8, Intersection between lines of constant water mass flow rate per nozzle
and classified regions for axial nozzles based on 6% water-to-air ratio

Straight lines present the required number of nozzles for a certain water mass

flow rate per nozzle to deliver the required total mass flow rate of water, these lines
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are produced by dividing the total mass flow rate of water required from the axial
nozzles by the number of nozzles. It is not practical to go for high number of nozzles
for two reasons: 1) Going for high number of nozzles tends to complicate the system.
2) The amount of mass flow rate per nozzle for number of nozzles higher than 12
nozzles do not differ sufficiently. therefore selection of number of nozzles is limited
to maximum number of 12. Also selecting number of nozzles limited to those exists

in the efficient washing region.

For different nozzle diameters, different ranges of nozzles number exist, as
clearly shown in Figure 4.8 higher ranges of nozzles numbers is possible for higher
diameters, Table 4.1 summaries the feasible ranges for the given diameters.

Table 4. 1, Feasible rages of axial nozzles number

Diameter | Feasible range of axial
(mm) nozzles number

0.5 Out of range

0.7 Out of range

0.9 Out of range

11 12

1.3 {9,10,11,12}

15 {6,7,8,9,10,11,12}

As shown in Table 4.1, only for diameters of 1.3 and 1.5 mm considerable

range of nozzles numbers can be selected from.

4.6.2. Number of radial nozzles
Figure 4.9 shows the intersection between lines of constant water mass flow

rate per nozzle and the three regions for radial nozzles

66



Figure 4. 9, Intersection between lines of constant water mass flow rate per nozzle
and classified regions for radial nozzles based on 6% water-to-air ratio

As shown in Figure 4.9 higher ranges of nozzles number are possible for the
radial position. Table 4.2 summaries the feasible ranges for the given diameters.

Table 4. 2, Feasible rages of radial nozzles number

Diameter | Feasible range of axial
(mm) nozzles number

0.5 Out of range

0.7 Out of range

0.9 Out of range

11 {10,11,12}

1.3 {8,9,10,11,12}

15 {5,6,7,8,9,10,11,12}

As shown in Table 4.2, for the radial case for diameters of 1.1, 1.3, and 1.5

mm considerable range of nozzles numbers can be selected from.

4.7.  Optimum cone angle
Optimum cone angle of nozzles is the angle at which the injected water would

cover the entire cross-sectional area of compressor without water droplets impacting

the compressor casing. To ensure wide and uniform coverage of water on the
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compressor cross-sectional area, nozzles with hollow cone angles are used in the
optimization procedures since this type of nozzles can operate at wide cone angles.

In the previous section the selection of nozzle diameters was narrowed down
to two options for axial nozzles: 1.3 and 1.5mm, and three options for radial nozzles:
1.1, 1.3, and 1.5mm. In this section an optimum cone angle for each option will be
determined if possible by tracking the trajectory of water droplets and ensuring
minimum number of droplets impacting the casing walls and water covers the entire

outlet area.

4.7.1. Optimum cone angle for axial nozzles
Goal-driven-optimization tool is used to determine the optimum cone angle,

the constraints applied are: zero or minimum wall stress caused by water droplets on

the casing walls, and covering the required angular area per nozzle of the compressor

cross section, this angular area is characterized by influence angle 8 ( Figure 4.10).
The parameter to optimize is cone angle, the optimization is performed to

maximize influence angle 6 under the given constraints.

Figure 4. 10, Influence angle 8 on the outlet boundary of the intake (inlet to
compressor section)

For axial nozzles two options of nozzles diameters are possible: 1.3 and
1.5mm. For each option, single nozzle is used to determine the optimum cone angle

and only for feasible ranges of nozzles number presented in Table 4.1. The optimum
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cone angle and associated maximum influence angle 8,,, for nozzle diameter of 1.3 mm is

presented in Table 4.3 below.

Table 4. 3, Optimum cone angle and influence angle 0 for axial nozzles and diameter

of 1.3 mm
No. of Mass flow rate per Optimum half-cone Maximum influence
noz.zles nozzle angle angle, 6,
(kg/s) (degrees) (degrees)
9 0.2044 35.0 30.3
10 0.1839 32.0 29.7
11 0.1672 31.0 29.0
12 0.1533 13.0 25.8

Table 4.4 presents the optimum cone angle and associated maximum influence

angle 8,,, for nozzle diameter of 1.5 mm.

Table 4. 4, Optimum cone angle and influence angle 0 for axial nozzles and diameter

of 1.5 mm

No. of Mass flow rate per Optimum half-cone Maximum influence
noz.zles nozzle angle angle, 6,
(kgls) (degrees) (degrees)
6 0.3066 41.0 34.0
7 0.2628 40.0 40.1
8 0.2299 35.0 38.3
9 0.2044 26.0 34.6
10 0.1839 19.0 32.8
11 0.1672 15.0 31.5
12 0.1533 13.0 25.6

Required influence angle 6,., is calculated based on the number of nozzles
used. Axial nozzles are required to cover 360°, accordingly required influence angle
can be determined by dividing 360° by the number of nozzles. Table 4.5 represents

the required influence angle for different nozzles numbers.

Table 4. 5, Required influence angle for different nozzles number

No. of Mass flow rate per Required influence
nogﬁlczes nozzle angle, 0,4
(kgls) (degrees)
5 0.3679 72.0
6 0.3066 60.0




7 0.2628 51.4
8 0.2299 45.0
9 0.2044 40.0
10 0.1839 36.0
11 0.1672 32.7
12 0.1533 30.0

The next step of optimization is to compare the maximum influence angle 6,,
presented in Table 4.3 and 4.5 with the required influence angle 6,., presented in
Table 4.5, the optimum choice for each nozzle diameter is when the injected water
almost covers the entire angular area of the compressor section, this can be achieved

when the value of maximum influence angle 6, is near the value of 8, .

For nozzle diameter of 1.3mm, the mentioned above criteria is not valid for
the feasible range of nozzles number. For nozzle diameter of 1.5, the selection criteria
are met for nozzles number of 11. For this number of nozzles, 6,., = 32.7 and
6,, = 31.5. As a result to what mentioned above, the optimum selection for operative

and physical parameters is shown in table 4.6 below.

Table 4. 6, Optimum operative and physical parameters for axial nozzles

Nozzle diameter (mm) 15

Mass flow rate per nozzle (kg/s) 0.1672
Half-cone angle (degrees) 15

Number of nozzles 11

Distribution of nozzles Equally spaced

With these parameters an optimized design of axial nozzles is achieved. Water
flow characteristics for the optimum operation of axial nozzles are shown in Figure
4.11.

Variation of mean droplet diameter in the domain is shown in Figure 4.11.a,
as clearly can be seen at the outlet boundary droplets diameters are in the acceptable
range for SMD values. Figure 4.11.b shows the variation of water velocity in the

domain and as was expected water velocity reaches the airstream velocity at the outlet
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boundary, where airstream velocity reaches 125m/s as shown in Figure 4.3, and water
flow velocity reaches 110 m/s at the outlet boundary as shown in Figure 4.11.b.

As presented in Figure 4.11.c wall stress caused by the impact of water
droplets is very small and can be neglected with a maximum value of 7 Pascal, which
indicates that only few droplets are impacting the casing walls.

a) Droplet mean particle diameter

b) Water flow velocity

c) Water wall stress on casing

Figure 4. 11, Water flow characteristics for optimum operation of axial nozzle and
nozzle diameter of 1.5mm
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Figure 4.12 shows the water mass flow density on the outlet boundary, as
clearly shown water tends to cover the lower area near the lower wall as expected for
axial nozzles, and the influence angle is 31.5 as shown in Table 4.4 which ensures
water covers the entire cross-sectional area of compressor when 11 axial nozzles are

used.

Figure 4. 12, Water mass flow density and influence angle at the outlet boundary for
optimum operation of axial nozzle and nozzle diameter of 1.5mm

4.7.2. Optimum cone angle for radial nozzles
Similar approach used to determine the optimum cone angle for radial

nozzles, however the optimization was performed for three options of nozzle

diameters: 1.1, 1.3, and 1.5mm.

The optimum cone angle and associated maximum influence angle 8, for
nozzle diameter of 1.1, 1.3 and 1.5 mm is presented in Tables 4.7, 4.8, and 4.9
respectively.

Table 4. 7, Optimum cone angle and influence angle 6 for radial nozzles and diameter
of 1.1 mm

No. of Mass flow rate per Optimum half-cone Maximum influence
noz.zles nozzle angle angle, 6,
(kgfs) (degrees) (degrees)
10 0.1839 54.0 24.6
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11

0.1672

54.0

27.8

12

0.1533

54.0

29.6

Table 4. 8, Optimum cone angle and influence angle 6 for radial nozzles and diameter

of 1.3 mm
No. of Mass flow rate per Optimum half-cone Maximum influence
noz.zles nozzle angle angle, 6,
(kg/s) (degrees) (degrees)
8 0.2299 54.0 28.4
9 0.2044 54.0 32.2
10 0.1839 54.0 32.8
11 0.1672 54.0 34.6
12 0.1533 54.0 35.6

Table 4. 9, Optimum cone angle and influence angle 6 for radial nozzles and diameter

of 1.5 mm
No. of Mass flow rate per Optimum half-cone Maximum influence
noz.zles nozzle angle angle, 6,
(kgls) (degrees) (degrees)
5 0.3679 54.0 26.5
6 0.3066 53.0 30.0
7 0.2628 54.0 34.0
8 0.2299 54.0 35.3
9 0.2044 54.5 39.8
10 0.1839 55.0 41.3
11 0.1672 51.0 44.2
12 0.1533 53.0 48.7

As clearly shown higher half-cone angle values are possible for radial nozzles
comparing to axial nozzles, this is because the radial location is away from the walls.
Also one can notice that lower maximum influence angles 6,, can be noticed for
radial nozzles that axial nozzles despite the high value of half-cone angles, this is
because axial nozzles inject water through the airstream while radial nozzles are

injecting parallel to airstream.

73



By comparing the maximum influence angle 6,, presented in Tables 4.7, 4.8,

and 4.9 with the required influence 6,.., angle presented in Table 4.5, optimum half-

cone angle can be found for each nozzle diameter. Optimum physical and operative

parameters for each nozzle diameter are presented in Table 4.10 below.

Table 4. 10, Optimum operative and physical parameters for radial nozzles

Nozzle diameter (mm)

Parameter 11 1.3 15
Mass flow rate per nozzle (kg/s) | 0.1533 | 0.1672 | 0.2044
Half-cone angle (degrees) 54.0 54.0 54.5
Number of nozzles 12 11 9

Distribution of nozzles

Equally spaced

As Table 4.10 shows the optimization procedures limited the operative and

physical parameters to three sets, and all of these sets meet the optimization

constraints and criteria. One can select one of these sets based on the number of

required nozzle to avoid complicating the system or to minimize cost, however the

current work is concerned with the water flow characteristics and distribution.

Accordingly a comparison of water flow distribution on the outlet boundary enables

selecting the best choice. Figure 4.13, shows the water mass flow density distribution

on the outlet boundary for the three choices represented in Table 4.10.

a) Water mass flow density for d,, = 1.1 mm
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b) Water mass flow density for d,, = 1.3 mm

c) Water mass flow density for d,, = 1.5 mm

Figure 4. 13, Water mass flow density and influence angle at the outlet boundary for
optimum operation of radial nozzles

Since radial nozzles are assumed to cover the outer cross-sectional area of the
compressor, choice of d, = 1.1 mm is the best since injected water is concentrated in the
outer area. With this selection of physical and operative parameters for radial nozzles
an efficient washing is ensured. Figure 4.14 shows flow characteristics for the

optimum operation of radial nozzles of d,, = 1.1 mm.
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a) Droplet mean particle diameter

b) Water flow velocity

c) Water wall stress on casing

Figure 4. 14, Water flow characteristics for optimum operation of radial nozzle and
nozzle diameter of 1.1mm

As Figure 4.14.a shows droplet size variation in the domain, as shown at the
outlet boundary droplets diameters are in the acceptable range for SMD values.
Figure 4.14.b shows water velocity variation in the domain, water velocity reaches
the airstream velocity at the outlet boundary to reach approximately 111 m/s. Figure
4.14.c shows a zero stress of water on the casing which indicates that no water

droplets are impacting the casing.
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4.8. Conclusions
In this chapter numerical-based optimization procedures were performed for

the purpose of optimization of online washing system of compressor for an
approximate geometry for MS5002 gas turbine. The optimization procedures were
focused on controlling water flow and spray characteristics to meet the desired
criteria and constraints, ETAB breakup model was used to characterize the breakup
process and hollow-cone spray paten was used to ensure wide angle spray.
Constraints for SMD (50 — 250 um), threshold velocity (< 300 m/s), water-to-air
ratio (0.6%) were set to ensure efficient washing. And water droplet trajectory was
tracked to prevent or minimize number of water droplets impacting the casing and to

ensure water covers the entire cross-sectional area of compressor uniformly.

Two positions for nozzles were selected inside the bell mouth near the inlet
region: axial and radial positions. Axial nozzles are responsible to cover the inner
area of the bell mouth outlet boundary while radial nozzles are responsible on
covering the outer area of the outlet boundary. An optimum values for operative and
physical parameters were produced for axial and radial nozzles based on the given
criteria and constraints. Results of optimum operative and physical parameters are

summarized in Table 4.11 below

Table 4. 11, Optimum operative and physical parameter for optimized online

Position
Parameter Axial Radial
Nozzle diameter d,, (mm) 1.5 1.1

Mass flow rate per nozzle (kg/s) | 0.1672 | 0.1533

Half-cone angle (degrees) 15.0 54.0
Number of nozzles 11 12
Distribution of nozzles Equally spaced
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Chapter 5

Numerical-Based Optimized System versus Existing Design of Online
Washing System of MS5002 Gas Turbine Compressor

In chapter four, numerical-based optimization procedures were performed to
determine the optimum operation of online washing system for an approximate
geometry of MS5002 gas turbine bell mouth. Optimization steps were carried out for
single nozzle in the axial position and single position in radial position and it was
assumed to be generalized for 11 nozzles in the axial position and thel2 nozzles in
the radial position respectively. To check the validity of this assumption, it is
important to simulate the entire nozzles system of 23 nozzles with the optimum
operative parameters and analyze the water spray characteristics for the entire system
and verify that optimization constraints and criteria are met, which is the first
objective of the current chapter.

The second objective is to analyze the operation of existing online washing
system for MS5002 compressor numerically and compare the results with the
optimized online washing system. Since there are no enough data about the operative
cone angle of the existing design, the comparison is limited to water-to-air ratio, mass
flow rates, and nozzle diameters. The comparison aims to: 1) ensure that optimum
operative parameters are within the practical range for existing designs. 2) check the
efficiency of the existing system by comparing its spray characteristics against the

criteria for efficient online washing system.

For both objective ANSYS 12.0 CFX package is used, and ETAB breakup
model is used to characterize the breakup process. Same geometry introduced in
chapter 4 is used for both objectives. Both designs (optimized and existing) have the

same axial and radial positions.
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Mesh used in this simulation was 3D mesh with approximately 2,080,0000 total

numbers of elements, with this number of elements results are mesh-independent.

Airstream velocity at the inlet boundary is 36 m/s. The rest of the domain
represents solid walls. Working fluids were assumed at 25°C and the airflow at 100
kPa, the flow assumed to be turbulent and k-Epsilon method is used to characterize
the turbulence effect.

5.1. Optimized online washing system for MS5002 compressor: The entire system
Figure 5.1 presents the entire system of nozzle, 11 nozzles in the axial

position and 12 in the radial position. As shown nozzles are equally spaced
distributed in the axial and radial direction. Operative parameters for both axial and
radial nozzles are presented in Table 5.1 below.

Table 5. 1, Operative parameters for axial and radial nozzles of the optimized system

Position
Parameter Axial Radial
Nozzle diameter d,, (mm) 1.5 1.1

Mass flow rate per nozzle (kg/s) | 0.1672 | 0.1533
Half-cone angle (degrees) 15.0 54.0

Figure 5. 1, Axial and radial nozzles positions of the optimized system

As shown in Figure 5.1 radial and axial nozzles are distributed equally spaced.

Radial nozzles injection direction is parallel to airflow while injection direction for
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axial nozzles is through the airflow. For this nozzles system water injected with a
total mass flow rate of 3.68 kg/s, divided equally between radial and axial nozzles
with operative mass flow rates presented in Table 5.1. With this total water mass flow
rate, 0.6% water-to-air ratio is used.

Figure 5.2 presents the water spray characteristic in the domain. Variation of
mean droplet diameter in the domain is shown in Figure 5.2.a, as can be seen at the
outlet boundary droplets diameters in the range of 55 — 150um which is in range for
allowable SMD (50 — 250um) and uniform droplet size distribution can be noticed

in the domain for axial and radial nozzles.

Figure 5.2.b shows the variation of water velocity in the domain and as was
expected water velocity reaches the airstream velocity at the outlet boundary, where
airstream velocity reaches 125m/s as shown in Figure 4.3, and water flow velocity
reaches 110-113 m/s at the outlet boundary as shown in Figure 4.11.b.

As presented in Figure 5.2.c wall stress caused by the impact of water droplets
is very small and can be neglected with a maximum value of 12 Pascal, which
indicates that only few droplets are impacting the casing walls, also uniform
distribution can be seen.
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a) Droplet mean particle diameter

b) Water flow velocity

c) Water wall stress on casing

Figure 5. 2, Water flow characteristics for optimum radial nozzle (d,, = 1. 1lmm) and
axial nozzles (d,, = 1. 5mm)

Figure 5.3 shows the water mass flow density on the outlet boundary, as
shown water covers the entire outlet boundary when the entire nozzles system is
simulated for the optimized design. Despite high water mass flow density is presented
in the inner region, water is distributed uniformly on the angular area.
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Figure 5. 3, Water mass flow density at the outlet boundary for optimum radial nozzle
(d, = 1.1mm) and axial nozzles (d,, = 1.5mm)

5.2. Existing design of online washing system for MS5002 compressor
The existing design consists of 14 total numbers of nozzles distributed

uniformly, 7 nozzles in the axial position and 7 nozzles in the radial position. Figure
5.4 present the nozzle distribution in the bell mouth of the gas turbine.

Figure 5. 4, Axial and radial nozzles positions of the Existing system

Mass flow rate and nozzle diameters for both axial and radial nozzles are

presented in Table 5.2 below.
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Table 5. 2, Operative parameters for axial and radial nozzles of existing system

Axial Nozzles Radial Nozzles
Nozzle d,, (mm) Mass flow rate | d,, (mm) | Mass flow rate
No. (kals) (kals)
1 0.787 0.06 0.584 0.15
2 0.787 0.10 0.584 0.45
3 0.787 0.25 0.584 0.93
4 0.787 0.56 0.584 0.41
5} 0.787 0.33 0.584 0.12
6 0.787 0.13 0.584 0.07
7 0.787 0.06 0.584 0.07

Figure 5.5 shows the variation of droplet mean diameter in the domain, due to
the lack of information about the operative cone angle, one droplet trajectory for each
nozzle is shown. Droplet diameters at the outlet boundary are within the range of
25— 90 um

Figure 5. 5, Water mean particle diameter in the domain for existing design

5.3.  Comparison of operative parameters for optimized design and existing design
After simulating both optimized and existing system of MS5002 gas turbine,

comparison between operative and physical parameters of both designs is possible.
Comparison of water-to-air ratio, mass flow rates per nozzle, and nozzle diameter is

possible based on the available data of the existing design.
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5.3.1. Water-to-air ratio: Optimized design versus existing design
Referring to literature water-to-air ratio in the range of 0.2%-0.7% (in mass

bases) is recommended for engines up to 50MW [44,53,54,57]. Also it is
recommended to go for high water-to-air ratio for efficient online washing
[53,54,55,56], for this reason water to air ration of 0.6% was selected for the

optimized design.

For existing design based on the mass flow rate values reported in Table 3.2, a
total water mass flow rate of 3.69 kg/s is presented. Total air mass flow rate of 620.64
kg/s enters the bell mouth, accordingly water-to-air ratio of 0.595% is used for the
existing design, based on this results water-to-air ratios for optimized design and
existing design are approximately equal and agree with the reported ranges collected

from literature.

5.3.2. Nozzles operative parameters: Optimized design versus existing
design
For optimized design, nozzle diameters for axial and radial nozzles of 1.5 and 1.1mm

respectively and mass flow rates per nozzle for axial and radial nozzles of 0.1672 and
0.1533 kg/s respectively were found to be the optimum values to allow droplet sizes to
be in the efficient washing region where SMD in the range of 50-250 um, based on

the numerical results droplet sizes were in the range of 55-150 um.

For existing design, nozzle diameters for axial and radial nozzles of 0.787 and
0.584mm respectively, which is smaller than the optimized design. Nevertheless high
mass flow rates per nozzle are used for the existing design, which results in very high
injection velocity and smaller droplet sizes. As reported in section 5.2 droplet mean
diameters are within the range of 25-90 um which means that some nozzles are
operating inside the efficient washing region and other within the inefficient washing

region.
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Chapter 6

Conclusions and Recommendations

6.1. Summary and Conclusions
The current work aimed to propose a generalized structured methodology for

optimizing gas turbine online washing system based on numerical approach. ANSYS
12.0 CFX package was used for this purpose. The work was divided into three parts:
1) Selecting the most reliable numerical breakup model to use for the optimization
procedures. 2) Performing the numerical optimization procedures 3) Comparing the
optimized design with existing online wash system.

Part one included validating cases against experimental studies, the tested
CFD breakup models are: Reitz & Diwakar Breakup Model, Taylor Analogy Breakup
(TAB) model, Enhanced Taylor Analogy Breakup (ETAB model), Cascade
Atomization and Breakup (CAB) model, and Schmehl Breakup model. Reliability of
mentioned breakup models in estimating spray characteristics particularly droplet size
was investigated, for three cases: case A: water atomization in still air, case B: water
jet in cross-flow air, and case C: water jet in co-axial air. For all cases simulations
were performed while breakup models' constants held to their default values.

The results of part one included error analysis for each model in estimating
SMD values, error analysis allowed for clear presentation of the performance each
breakup model in estimating droplet size and other spray characteristics. General
tendency and average relative error for each breakup model is presented in Table
3.20. Based on the error analysis it was found that ETAB model showed the best
accuracy with Average absolute error of 14%, 13%, and 18% for Cases A, B, and C
respectively. And with general tendency to slightly over estimating SMD values for
cases A and B while it showed a non-monotonic tendency for case C.
Also ETAB model showed the best accuracy in estimating the water velocity change as
droplets travel away from injector. And it was found that at an axial distance of
approximately 675 mm, water droplet velocity reaches airstream velocity for a case
with high initial velocity lag between the injected water and the airstream.
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For part 2, numerical-based optimization procedures were performed where
ETAB breakup model was used for CFD simulations. The optimization procedures
aimed to propose a general methodology for optimizing the water flow characteristics
to produce an efficient design of online washing system of compressor. Goal-Driven-
Optimization tool was used for the optimization procedures. The optimization steps
are summarized as follow:

1. Introducing Geometry

2. Setting optimization criteria and constraints

3. Computational setup

4. Selecting the appropriate position of nozzles

5. Determining the optimum mass flow rate per nozzle for a practical range of
nozzle diameters

6. Determining the proper number of nozzles

7. Determining the optimum cone angle of nozzles

An approximate geometry of MS5002 gas turbine was introduced for the
optimization procedures. Constraints and criteria were collected from literature and
set for the optimization procedures to ensure efficient washing without the potential
of blades erosion. These constraints summarized as follow: SMD range of 50 —
250 um, threshold velocity (Maximum impact velocity) of 1000 m/s, water-to-air
ratio of 0.6%, minimum number of water droplets impinging the compressor casing,
and injected water covers the entire cross-sectional area of compressor.

Two positions of nozzle were selected: axial and radial nozzles, the position
of nozzles were selected such that water is injected in regions with low airstream
velocity inside the bell mouth to allow maximum droplet distortion and to allow
water to propagate in the airstream. Axial nozzles inject water through airflow while

radial nozzles inject water parallel to the airflow.

It was found that an optimum design of online washing system for MS5002 compressor is
feasible for the following nozzles system: 23 nozzles, 11 axial nozzles and 12 radial nozzles,
equally spaces and with operative and physical parameters of d,, = 1.5 mm, mass flow rate
of 0.1672 kg/s, and half-cone angle of 15° for axial nozzles. And for radial nozzles of
d,, = 1.1 mm, mass flow rate of 0.1533 kg/s, and half-cone angle of 54°. With this nozzles

system all criteria and constraints were met. Droplet size in the range of 55 — 150um,
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impact velocity of 110-113 m/s, and water covers the entire outlet boundary of bell mouth

uniformly.

For part 3, comparison between the optimized system and existing system of
online washing for MS5002 compressor was presented. The comparison is limited to
water-to-air ratio used and nozzle operative parameters. The comparison aimed to
ensure that optimum operative parameters are within the practical range for existing
designs and to check the efficiency of the existing system by comparing its spray
characteristics against the introduced constraints for efficient online washing system.

Existing system consists of 14 nozzles distributed uniformly, 7 nozzles in the
axial position and 7 nozzles in the radial position. Both systems used the same axial
and radial nozzle positions to allow comparison. Comparison of water-to-air ratio
showed a very good agreement with 0.6% and 0.595% for optimized design and
existing system respectively. For nozzles diameters existing design has lower values
of nozzle diameters of 0.787 and 0.584 mm for axial and radial nozzles respectively,
while optimized design has nozzle diameters values of 1.5 and 1.1 mm for axial and
radial nozzles respectively. For mass flow rates existing design has higher values of
operative mass flow rates.

Droplet mean diameter values for existing design were in the range of 25-90
um which is lower than the range of droplet diameters reported for the optimized
design. According to the droplet size for existing design it was found that most of

nozzles are operating in the inefficient washing region.

6.2. Recommendations
e For optimum design of online washing system, extensive numerical analysis is

required to determine the optimum operative and physical parameters.

e Setting the optimization constraints accurately results in optimized design of
online washing system.

e ETAB breakup model shows very good accuracy in estimating droplet size and
other spray characteristics for similar problem and it is recommended for the use
of similar studies.

o Reliability of breakup models model investigated in this work is based on the
current problem conditions and not necessarily to reflect similar results for other

problems with different conditions.

87



e The proposed numerical-based methodology is structured and can be applied for
other geometries.

6.3. Recommended future work
Water stress distribution on the compressor blades can be reviewed and

analyzed based on CFD study, investigating the water stress distribution on blades
allows for understanding the parameters affect liquid droplets-solid erosion
phenomenon.

A well understanding of the parameters affect this phenomenon enable one to
set more precise approximation of threshold velocity and maximum allowable droplet

size for erosion.
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APPENDIX

Figures

a) Droplet mean particle diameter

b) Water flow velocity

c) Water wall stress on casing

Figure A. 1, Water flow characteristics for optimum operation of radial nozzle and nozzle diameter of 1.3mm




a) Droplet mean particle diameter

b) Water flow velocity

c) Water wall stress on casing

Figure A. 2, Water flow characteristics for optimum operation of radial nozzle and nozzle diameter of 1.5mm
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a) Droplet mean particle diameter

b) Water flow velocity

c) Water wall stress on casing

Figure A. 3, Water flow characteristics for optimum operation of radial nozzle (d,, = 1. 3mm) and axial nozzles
(d,, = 1.5mm)

98




a) Droplet mean particle diameter

b) Water flow velocity

c) Water wall stress on casing

Figure A. 4, Water flow characteristics for optimum operation of radial nozzle (d,, = 1. 5mm) and axial nozzles
(d,, = 1.5mm)
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Figure A. 5, , Water mass flow density at the outlet boundary for for optimum operation of radial nozzle
(d,, = 1.3mm) and axial nozzles (d,, = 1. 5mm)

Figure A. 6, , , Water mass flow density at the outlet boundary for for optimum operation of radial nozzle
(d,, = 1.5mm) and axial nozzles (d,, = 1. 5mm)
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