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During the expansion of steam in turbine, the steam crosses the saturation line and hence subsequent
turbine stages run under wet condition. The stages under wet condition run with low efficiency as
compared to stages running with supersaturated steam and the life of the last stage cascade is reduced
due to erosion. After the steam crosses the saturation line it does not condense immediately but instead
it becomes supersaturated which is a meta-stable state and reversion of equilibrium results in the
formation of large number of small droplets in the range of 0.05 - 1 µm. Although these droplets are
small enough to follow the stream lines of vapor however some of the fog droplets are deposited on the
blade surface. After deposition they coagulate into films and rivulets which are then drawn towards the
trailing edge of the blade due to viscous drag of the steam. These large droplets in the range of radius
100 µm are accelerated by steam until they impact on the next blade row causing erosion. The two
phenomenon responsible for deposition are inertial impaction and turbulent-diffusion. This work shall
discuss the deposition mechanism in steam turbine in detail and numerically model and validate with
practical data.
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1 Introduction
Erosion of rotor blades in steam turbine marks its history perhaps from its discovery due to wet steam
flow at the last stages. Although, reviewing of the past literature suggests that there had been historically
three stages that can be identified for the study of fog droplet deposition in steam turbine. In the first
phase during 1960s and 1970s greater efforts were put to increase the capacity of steam turbine from
existing 200MW to about 600 MW. Large turbine blades of one meter were introduced resulting high tip
speed erosion and deposition on blades. This led to the study of predicting models for deposition with
experimental set up such as deposition of air particle flow which were used to simulate the steam flow.
But the theoretical estimates did not match quite well with experiments as the experimental results were
large as compared to theory. Then during 1980s, ground breaking developments in optical instruments
allowed more accurate measurements for fog droplet size distribution and improved probes enabled to
measure the flow rate. This was during this period when steam turbine started to be standardized.

Figure 1: Schematic diagram of fog to coarse water droplet conversion process [1]
In the second phase, during 1990s gas turbine combined power plant dominated the power market.
During this time steam turbines were improving quite slowly. Developers were mainly focusing on the
aerodynamic design of the blade and efficiency achieved were quite high compared to earlier design and
1

therefore not much research and study on deposition were conducted during this period. It was during
early twenty first century, namely the third phase when the requirement for power plant upgrading and
retrofitting with supercritical steam and with the introduction of ultra-supercritical power plant where
turbine has to operate in wet steam the study on deposition once again became necessary.
During second phase of development, mostly the experimental results were utilized to predict the
behavior of wet steam inside turbine as computational results were not so reliable in early days for such
complicated case. Therefore accurate prediction of deposition was rather difficult. During off design
operation of steam turbine the problem seemed to be even vigorous. Sub-micron sized fog droplets (0.03
µm < r < 1 µm) are nucleated from the rapidly expanding steam and are deposited at the ultimate and
penultimate stator blades. These droplets coagulates and forms rivulets which are broken down by strong
aerodynamic forces into secondary or coarse droplets (10 µm < r < 100 µm). The droplets are then
dragged towards the trailing edge of the stator blade due to viscous drag of the flowing steam which
ultimately hits the rotor with high tip speed leading edge and cause erosion.
The droplet sizes has strong influence on the phenomenon of deposition on the turbine blades. The two
mechanism responsible for deposition are turbulent diffusion and inertial impaction. Additional
phenomenon that was discovered recently to be responsible for deposition is Thermophoresis. It shall be
described in brief. The deposition of fog droplets in the last stages of LP steam turbine is the combination
of turbulent diffusion as well as inertial impaction.
Many studies have been performed regarding the droplet nucleation and growth in nozzles and turbine
cascade. The study on turbine cascade were extensively carried out both numerically and experimentally
by Bhaktar et al. [2, 3] and White et al. [4]. Due to the complex flow behavior in turbine cascade,
extensive 2D studies with numerical approach which was based on the inviscid time marching scheme
with Lagrangian tracking by White and Young [5], Bhaktar et al. [6] are noteworthy. Some works based
on Eulerian-Eulerian multiphase method for condensing steam flows by Gerber and Kermani [7], Senoo
and Shikano [8]. Recently notable work on the effect of droplet size on deposition and effect of interphase
friction in a low pressure turbine cascade for last stage stator blade was presented by Starzmann et al.
[9]. The results of the work found to be quite satisfactory and matches well with experiments. In contrast
a little work regarding droplet deposition is performed for steam turbine. Although a large number of
investigations were carried for diffusional deposition of small particles in turbulent flow pipes such as
experimental study by Friedlander and Johnstone [10] on the rate of deposition of dust based on transport
of particles in a turbulent stream, the work of Montgomery and Corn [11] on deposition in large pipes in
2

a complete turbulent flow of high Reynolds number. The experimental investigation of Benjamin et al.
[12] on monodispersed particle deposition for wide range of particle size and dimensionless relaxation
time is also noteworthy. The extensive mathematical works by Cleaver and Yates [13] for deposition of
particles by diffusion in sub-layer and the paper of Reeks and Skyrme [14] illustrates that with the
increase in particle size, the deposition is controlled by diffusional as well as inertial mechanism whereas
both are particle inertia dependent. The theoretical study by Shobokshy and Ismail [15], Wood [16]
explains the dependency of rough surface for deposition. The experimental technique to investigate the
deposition of submicron droplets on low pressure turbine blades can be found in the works of Parker and
Lee [17], Parker and Reyley [18] are noteworthy. The detailed work of Gyarmathy [19] and
comprehensive study by Crane [1] on droplet deposition with relevance to steam turbine serves a good
back ground for research as well.
From this background the aim of the thesis is to investigate the deposition on high stagger and camber
angled turbine blades according to droplet size on non-equilibrium homogenous steam flow in last stage
turbine cascade utilizing Eulerian-Eulerian approach in CFX. The deposition is not affecting the
simulated flow but the deposition is purely calculated based on the simulated flow. Various new variables
in terms of different equations implemented in CFD Post shall be observed for the effect of deposition
on pressure side and suction side of the blades.

2 Mathematical Model
In the current work an Eulerian- Eulerian method is followed by means of Ansys CFX 15 code. Two
dimensional compressible equation is solved for modeling two phase fluid where steam being the
continuous phase and liquid being the droplet with phase change.

2.1 Governing Equations
Considering an arbitrary volume V with a differential surface area dA, the set of governing equations
for mass, momentum and energy for the mixture liquid and vapor can be written as [20]:
𝜕𝑊 𝜕

∫ 𝑄𝑑𝑉 + ∮ 𝑀𝑑𝐴 = ∫ 𝑁𝑑𝑉
In the above equation W, Q and M can be defined as:
𝜌𝒗
𝜌
𝑃
𝜌𝒗𝑢 + 𝑃𝑖̂ − 𝜏𝑥𝑖
𝜌𝑢
( 𝜌𝑣 )
(𝑢 )
( 𝜌𝒗𝑢 + 𝑃𝑗̂ − 𝜏
)
𝑦𝑖
𝑣
𝜌𝐸
𝜌𝒗𝐸 + 𝑃𝒗 − 𝜏𝑖𝑗 𝒗𝑗 − 𝑞
𝑇
The term 𝑁 in equation (2.1) is the source term for body force and other energy sources.
𝜕𝑄 𝜕𝑡
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(2.1)

The working fluid is the mixture of vapor-liquid and the conservation equation of the mixture can be
determined from the following correlation as:
𝜙𝑚 = 𝜙𝑙 𝛽 + (1 − 𝛽)𝜙𝑣

(2.2)

The 𝜙 from the above equation denotes ℎ, 𝑠, 𝐶𝑝 , 𝐶𝑣 , 𝜇.
The condensed liquid phase mass fraction and number of droplets per unit volume can be calculated as:
𝜕𝜌𝛽
𝜕𝑡
𝜕𝜌𝜂
𝜕𝑡

+ 𝛻. (𝜌𝑣⃗𝛽) = Γ

(2.3)

+ 𝛻. (𝜌𝑣⃗𝜂) = ρΙ

(2.4)

In the above equations Γ, Ι represents the mass generation per unit volume and nucleation rate
respectively. It is hypothesized that the interaction between droplets and vapor surrounding them is
negligible which is quite good consideration as the size of the droplets are very small in the order of
1 𝜇𝑚 or less.

2.2Nucleation and droplet growth model
According to the classical law of thermodynamics, the change in the Gibb’s free energy Δ𝐺 is the
reversible work required to form a single droplet of radius 𝑟 from a supersaturated vapor of constant
pressure 𝑝 and at temperature𝑇𝑔 . And change in Gibb’s free energy is given by [21]:
4

Δ𝐺 = 4𝜋𝑟 2 𝜎 − 3 𝜋𝑟 3 𝜌𝑙 𝑅𝑇𝑔 ln 𝑆

(2.5)

The 𝑆 in the above equation is the super saturation ratio. 𝑆 = 𝑝/𝑝𝑠 (𝑇𝑔 ) and 𝑝𝑠 (𝑇𝑔 ) is the saturated vapor
pressure at 𝑇𝑔 .

Figure 2: Variation of Δ𝐺 with 𝑟 (modified) [21]
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Figure 2 envisages the variation of Δ𝐺 with 𝑟. From figure 2 it can be seen that Δ𝐺 increases with increase
in 𝑟 up to a critical value of Δ𝐺∗ corresponding to critical radius of 𝑟∗ . A droplet of radius 𝑟 > 𝑟∗ has a
tendency to reduce free energy of the system by capturing molecules and tends to grow.The opposite is
true for 𝑟 < 𝑟∗ .
Considering the surface tension of the liquid be 𝜎 and liquid density 𝜌𝑙 depend only on temperature and
assuming that vapor behave as perfect gas the equation for Δ𝐺∗ and 𝑟∗ can be derived from equation(2.5)
as:
2𝜎

𝑟∗ = 𝜌 𝑅𝑇
𝑙

Δ𝐺∗ =

𝑔 ln 𝑆
4𝜋𝑟∗2 𝜎

3

(2.6)
=

16𝜋𝜎3
3(𝜌𝑙 𝑅𝑇𝑔 ln 𝑆)

(2.7)

2

A liquid droplet contains many H2O molecules. Let a droplet of radius 𝑟 contains 𝑔 molecules can called
4

as 𝑔 − 𝑚𝑒𝑟 and 𝑚 be the mass of each molecule. Therefore, 3 𝜋𝑟 3 𝜌𝑙 = 𝑔𝑚 and the surface area 4𝜋𝑟 2 =
𝑚 2

2

𝐴𝑔3 where 𝐴3 = 36𝜋 (𝜌 ) . Substituting 𝑔 in place of 𝑟 in equation (2.5)
𝑙

Δ𝐺
𝑘𝑇𝑔

2
3

𝐴𝜎

= 𝑘𝑇 𝑔 − 𝑔 ln 𝑆

(2.8)

𝑔

ln 𝑆 can also be written as:
ℎ𝑙𝑔

Δ𝑇

𝑠

𝑔

ln 𝑆 ≅ 𝑅𝑇 (𝑝) 𝑇 where ℎ𝑙𝑔 is the specific enthalpy of evaporation.
In supersaturated vapor 𝑆 < 1 growth of liquid droplets to macroscopic scale is prohibited even though
small liquid like clusters are constantly formed and destroyed due to molecular collision process although
size distribution remains steady. Size distribution of the cluster can be related as Boltzmann law as:
Δ𝐺

𝑛𝑔 ≅ 𝑛1 exp (− 𝑘𝑇 )

(2.9)

𝑔

The 𝑛𝑔 and 𝑛1 in the above equation represents numbers per unit volume of 𝑔 − 𝑚𝑒𝑟 and 𝑚𝑜𝑛𝑜 − 𝑚𝑎𝑟.
As the cluster concentrations remains steady in the system the balance equation or the kinetic equation
can be written as:
𝐶𝑔 𝑛𝑔 = 𝐸𝑔+1 𝑛𝑔+1

(2.10)

And 𝐶𝑔 represents the rate at which 𝑔 − 𝑚𝑒𝑟 acquires a molecule or alternately can be called as
condensation rate whereas 𝐸𝑔+1 is the rate at which 𝑔 + 1 mar losses a molecule or evaporation rate. If
the droplet exceed the critical size they encounter quite high Δ𝐺 gradient and has a tendency to grow and
then no longer the kinetic equation is valid because the growth and decay of clusters are no longer
balanced.
5

Let 𝑓𝑔 be the concentration of 𝑔 − 𝑚𝑒𝑟 at the above given condition and 𝐼𝑔 be the net rate per unit volume
at which 𝑔 − 𝑚𝑒𝑟 grows to 𝑔 + 1 − 𝑚𝑒𝑟. Then 𝐼𝑔 can be expressed as follows:
𝐼𝑔 = 𝐶𝑔 𝑓𝑔 − 𝐸𝑔+1 𝑓𝑔+1

(2.11)

The time rate of change in the concentration of 𝑔 − 𝑚𝑒𝑟 can be written as:
𝜕𝑓𝑔
𝜕𝑡

= −[(𝐶𝑔 𝑓𝑔 − 𝐸𝑔+1 𝑓𝑔+1 ) − (𝐶𝑔−1 𝑓𝑔−1 − 𝐸𝑔 𝑓𝑔 )]

(2.12)

𝜕𝐼𝑔

= −(𝐼𝑔 − 𝐼𝑔−1 ) ≅ − 𝜕𝑔

𝐶𝑔 from the above equation can be expressed as:
2

𝐶𝑔 = 𝑞𝑐 𝐴𝑔3

𝜌𝑔 𝑣̅𝑔
4𝑚

2

= 𝑞𝑐 𝐴𝑔3

𝑝

(2.13)

√2𝜋𝑚𝑘𝑇𝑔

Where 𝑞𝑐 and 𝑣̅𝑔 are condensation coefficient that is fraction of molecules incident to that of the absorbed
on the surface and mean speed of vapor molecule respectively.
And 𝐸𝑔 can be written as:
2

𝐸𝑔 = 𝑞𝑒 𝐴𝑔3

𝑝𝑠 (𝑇𝑙 )
√2𝜋𝑚𝑘𝑇𝑔

2𝜎

exp (𝜌 𝑅𝑇 𝑟)
𝑙

(2.14)

𝑙

Here 𝑞𝑒 is the evaporation coefficient.
For droplets in equilibrium 𝑞𝑐 = 𝑞𝑒 . For droplets in non-equilibrium𝑞𝑐 ≠ 𝑞𝑒 .
The change in 𝑔 − 𝑚𝑒𝑟 concentration can be approximated as:
𝜕𝑓𝑔
𝜕𝑡

𝜕𝐼𝑔

𝜕

𝜕

𝑓𝑔

= − 𝜕𝑔 = 𝜕𝑔 [𝑐𝑔 𝑛𝑔 𝜕𝑔 (𝑛 )]

(2.15)

𝑔

In steady state 𝑓𝑔 varies only with 𝑔 where all the large droplets are continually removed and replaced
by equal mass of supersaturated vapor and therefore the system can remain in equilibrium without
changing cluster distribution and nucleation rate.
If the case is considered to be isothermal then 𝑇𝑙 = 𝑇𝑔 . In general two phases are not in equilibrium so
the temperature 𝑇𝑔 and 𝑇𝑙 are different from saturation temperature 𝑇𝑠 = 𝑇𝑠 (𝑃). (𝑇𝑠 − 𝑇𝑔 ) which can also
be called as vapor sub cooling is the measure of departure from thermal equilibrium. The droplet
temperature can be given as [24]:
2𝜎𝑇𝑠

𝑇𝑙 = 𝑇𝑠 − 𝜌 ℎ

(2.16)

𝑙 𝑔𝑙 𝑟

The above classical theory of nucleation and growth is simplified to two formulas that can be used wisely
for the present work [32]
6

4

𝜕𝑟̅

Γ = 3 𝜋𝜌𝑙 I𝑟∗3 + 4𝜋𝜌𝑙 𝜂𝑟̅ 2 𝜕𝑡

(2.17)

where
𝜕𝑟̅
𝜕𝑡

=ℎ

𝑃

𝑙𝑔 𝜌𝑙 √2𝜋𝑅𝑇

𝛾+1
2𝛾

𝐶𝑝 (𝑇𝑙 − 𝑇)

(2.18)

2.3 Properties of Fluid
The properties of fluid in case of two phase flow for water and steam is determined by IAPWS – IF97
in ANSYS CFX. This database has different formulations for five distinct thermodynamic regions of
water and steam, namely:
Sub cooled water (1), Supercritical water/ steam (2), superheated steam (3), Saturation data (4), High
temperature steam (5) as shown in figure 3.

Figure 3: Thermodynamic Regions and Equations of IAPWS-IF97 [31]
The region 5 is not implemented in ANSYS CFX as it represents state at very high temperature and very
low pressure. For this region CFX has other database. Region 1 and 2 are covered by individual specific
equation of Gibbs free energy, region 3 by specific Helmholtz free energy. The reference state for IAPWS
is triple point of water where internal energy, entropy and enthalpy are all set to zero.
The properties of the metastable state is obtained with the IAPWS extension where the equation of state
is available for equilibrium phase change which can be used for the present case of droplet condensation.
The equation of state for region 1 and 3 as shown in figure 3 of IAPWS-IF97 have reasonable accuracy
for metastable state close to the saturation line. For the vapor condition under 10 Mpa in the region 2,
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additional set of equations are used which matches well with saturation data. Above 10 Mpa, the equation
of state for superheated region is extrapolated into super cooled region [31].

3. Deposition Phenomenon
Sub-micron sized droplets are formed by rapidly expanding steam in steam turbine cascade. The
deposition is quite significant in the ultimate stage of the steam turbine but the penultimate stage works
normally in wet steam. The droplets are deposited on the blade surface resulting in film and are dragged
to the trailing edge. These are broken in coarse droplets due to strong aerodynamic forces which fails to
accelerate the vapor speed before impacting on the leading edge which is represented by the velocity
diagram in figure 4.

Figure 4: Velocity Diagram [1]
The deposition phenomenon can be described mainly by two mechanisms namely:
Turbulent Diffusion Mechanism
Inertial Deposition Impaction

3.1 Law of wall
Turbulent Diffusion Mechanism is a process by which the droplets entrained in the turbulent boundary
layer migrates to the blade surface under the influence of the fluctuation of the flow.
To understand turbulent diffusion into more detail the law of wall has important role to play.
The relation between different parameters such as friction velocity 𝑢𝜏 , wall shear stress 𝜏𝑤 and
dimensionless wall distance 𝑦 + are as follows [27]:
8

𝜏

𝑢

𝑢𝜏 = √ 𝜌𝑤 , 𝑢+ = 𝑢

𝜏

and 𝑦 + =

𝑦 𝑢𝜏
𝜈

As seen from the figure 5, there are four distinct regions namely viscous sublayer, buffer layer, log-law
region and defect layer or outer layer [27]. Some brief description about the above mentioned layers shall
be made in the following paragraph.
Viscous Sublayer: This is the inner most layer in the boundary layer such that 𝑦 + < 5 . This region is
defined by the following equation: 𝑢+ = 𝑦 + .
Buffer Layer: This region can be defined as 5 < 𝑦 + < 30. Neither of the following law holds good in
1

this region 𝑢+ ≠ 𝑦 + and 𝑢+ ≠ 𝜅 𝑙𝑛 𝑦 + + 𝐶 +

Figure 5: Law of Wall
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Log-law Region: This layer starts after BL and extends up to defect layer. The following equation define
1

the region: 𝑢+ = 𝜅 𝑙𝑛 𝑦 + + 𝐶 +
Defect Layer: This is region typically where 𝑦 + > 300. Here, the effect of viscosity is negligible and
the behavior of fluid is mostly controlled by free stream fluid.

3.2 Diffusional deposition mechanism
For the sake of simplicity the wet steam is considered to be the mixture of vapor and monodispersed
droplets of radius 𝑟. When the steam passes through turbine blade some of the droplets will be deposited
on the surface by turbulent diffusion through the boundary layer. Given that volumetric concentration of
droplets outside the boundary layer to be 𝐶∞ and mass transfer rate to the surface to be N. It is to be noted
that both the above mentioned parameters vary with position on the blade surface.
When talking about mass transfer of droplets deposition velocity is an important parameter defined by V
[25], where
𝑉 = 𝑁⁄𝐶
∞
And dimensionless deposition velocity defined by 𝑉+ can be written as:
𝑉+ = 𝑉⁄𝑢𝜏
𝑉+ is also the function of dimensionless inertial relaxation time of the droplets defined by 𝜏+ .
𝑉+ = 𝑓(𝜏+ )

(3.1)

Before defining 𝜏+ , the definition of relaxation time must be mentioned. Actually, it is the time required
by the droplets to accelerate to match the velocity of the vapor. Inertial relaxation time of the droplets
defined by 𝜏𝑟 can be expressed as [25]:
𝜏𝑟 =

2 𝑟 2 𝜌𝑙
9 𝜇𝑔

(𝜙(𝑅𝑒) + 2.7 Kn)

(3.2)

𝑙
where Kn = 𝑔⁄2𝑟
𝜏+ =

𝜏𝑟 𝑢𝜏2⁄
𝜈𝑔

𝜙(𝑅𝑒) = [1 + 0.197𝑅𝑒 0.63 + 0.00026𝑅𝑒 1.38 ]−1
Equation (3.2) is a composite formula for spherical droplets where in the continuum regime (Kn<<1) it
reduces to Stokes Law and in the free molecular regime (Kn>>1) it reduces to kinetic theory expression.
Although the most of the calculation that have been developed for diffusional deposition is for turbulent
pipe flow. However, these are well enough to understand the phenomenon in turbine blades. Three
10

deposition regimes can be identified namely: Turbulent Particle-Diffusion Regime, Eddy-Diffusion
Impaction Regime, and Particle Inertia-Moderated Regime as in figure 6.
Turbulent Particle-Diffusion Regime: The regime is defined where 𝜏+ < 0.1, here the particles are
transported by Brownian and eddy-diffusion. The main resistance to mass transfer is in laminar sublayer
where deposition rates are very low and decreases with increase in particle size. Here
𝜈
and Schmidt number is defined as: 𝑆𝑐 = 𝑔⁄𝐷

𝑉+ = 𝑓(𝜏+ , 𝑆𝑐)

Eddy-Diffusion Impaction Regime: In this regime where 0.1 < 𝜏+ < 10, the deposition rate of the larger
particle increases rapidly. The most probable theory behind this is that the particle are transported by
intermittent turbulent bursts of fluid which disrupts the sublayer.

Figure 6: Diffusional Deposition Regimes in Turbulent Pipe Flow (modified) [25]
Particle Inertia-Moderated Regime: For very large particles where 𝜏+ > 10, the deposition rate first
increases then fall slightly. The transport rate through turbulent core of the boundary layer is reduced
because the high inertia of the particle damps their response to the turbulent eddies.
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The figure 7 describes the variation of inertial time with respect to droplet radius for different pressures.
As droplet radius increases the inertial relaxation time also increases. As seen from figure 6, the inertial
relaxation time is one of the most important parameter for the determination of depositional velocity and
hence deposition.

Figure 7: Inertial relaxation time of monodispersed water droplets in steam (modified) [25]
Actually the mass transfer rate of droplets on the surface can be calculated by integration of diffusion
equation in the boundary layer. Mathematical model of deposition for three regions can be expressed
under one equation as:
𝐷

𝜖

𝜕𝑐

𝑉+ = (𝜈 + 𝜈 ) 𝜕𝑦++
𝑔

(3.3)

𝑔
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where 𝑐+ = 𝐶⁄𝐶

∞

Diffusional Coefficient of droplets D can be given by the equation:
𝐾 𝑇𝑔

𝐷 = 6 𝜋𝑟𝜇 (1 + 2.7Kn)

(3.4)

𝑔

In Turbulent Particle-Diffusion Regime and Eddy-Diffusion Impaction Regime the main resistance of
diffusion is in Viscous Sub layer and Buffer Layer. Thus, for integration of equation (3.3) the limits of
integration for outer layer are considered as 𝐶+ = 1 and 𝑦 + = 30. The integration limit for inner layer is
difficult to define. In order to model the inertia coasting effect, the integration is stopped at a distance s’
(stop distance) from the surface. According to Wood,
𝑠+ =

𝑠′ 𝑢𝜏
𝜈𝑔

= 0.69𝜏+

(3.5)

If the surface is rough,
𝑏 + = 0.45

𝑘𝑠 𝑢𝜏

(3.6)

𝜈𝑔

Thus the limit of integration in the inner layer can be defined as:
𝐶+ = 0, 𝑦 + = 𝑠 + + 𝑏 + + 𝑟 + where 𝑟 + =

𝑘𝑠 𝑢𝜏
𝜈𝑔

In order to integrate equation (3.3) the relation between 𝜖⁄𝜈𝑔 and 𝑦 + must be known. Some measurements
in turbulent flow pipes can be used for turbine blade as the main interest is near the wall where eddy
diffusivity of the droplets is assumed to be equal to eddy viscosity of the fluid which means that Schmidt
number to be unity.
Integration of equation (3.3) assuming 𝑉+ to be constant can be written as:
𝑉+ = (𝐼𝑆 + 𝐼𝐵 )−1

(3.7)

where 𝐼𝑆 and 𝐼𝐵 represents the integral across the sublayer and buffer layer respectively. The equation of
𝐼𝑆 and 𝐼𝐵 is defined as follows:
For (𝑠 + + 𝑏 + + 𝑟 + ) < 5
𝐼𝑆 = 14.5𝑆𝑐 2/3 [𝑓(𝜙) + 𝑔(𝜙) − 𝑓(𝜙1 ) − 𝑔(𝜙1 )]
𝐼𝐵 = 0
For (𝑠 + + 𝑏 + + 𝑟 + ) ≥ 5
𝐼𝑆 = 0
𝐼𝐵 = 5 𝑙𝑛 [25.2⁄(𝑠 + + 𝑏 + + 𝑟 + − 4.8)]
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The 𝑓(𝜙), 𝑔(𝜙), 𝑓(𝜙1 ), 𝑔(𝜙1 ) used for calculation of 𝐼𝑆 for (𝑠 + + 𝑏 + + 𝑟 + ) < 5 are given below:
1

(1+𝜙)2

1

𝑡𝑎𝑛−1 (

𝑓(𝜙) = 6 [(1−𝜙+𝜙2 )]
𝑔(𝜙) =

2𝜙−1

√3

)

√3

𝜙 = 5/𝑎
𝜙1 =

(𝑠 + +𝑏+ +𝑟 + )

𝑎 = 𝑆𝑐

𝑎
1
−
3

The formulation in equation (3.7) can be used for 𝜏+ < 10. For larger droplets in the inertia-moderated
region i.e. 𝜏+ > 10 the following equation can be used:
4.42

𝑉+ = 0.56𝜂∗ 𝑒𝑟𝑓𝑐 (𝜂∗𝜏 )

(3.8)

+

𝜐

where 𝜂 ∗ = 𝜐 𝑙

𝑔

The relation between 𝜂∗ and 𝜏+ can be shown in figure 8.

Figure 8: 𝜏+ Vs ratio of droplet to gas RMS fluctuating velocity normal to the surface (modified) [25]

3.3 Inertial deposition mechanism
Fog droplets are assumed to be spherical particles moving in the flow field and are unaffected by particleparticle interaction, and the effects of condensation and evaporation is also neglected. Due to the
14

considerable difference in density between vapor and droplet only force that plays a crucial role is steadystate viscous drag force. Therefore, the equation of motion can be written as [26]:
4

𝑑𝑽

𝑫 = 3 𝜋𝑟 3 𝜌𝑙 𝑑𝑡 𝑙

(3.9)

𝑙

𝑑

𝜕

Here𝑑⁄𝑑𝑡 denotes the material derivative following a droplet i.e. 𝑑𝑡 = 𝜕𝑡 + 𝑽𝑙 . ∇
The drag force 𝑫depends on the flow regime and can be expressed as:
6𝜋𝜇𝑔 (𝑽𝑔 −𝑽 )

𝑙
𝑫 = [𝜙(𝑅𝑒)+2.7Kn]

(3.10)

𝜙(𝑅𝑒) = [1 + 0.197𝑅𝑒 0.63 + 0.00026𝑅𝑒 1.38 ]−1
Equation (3.10) is a composite formula for spherical droplets where in the continuum regime (Kn<<1) it
reduces to Stokes Law and in the free molecular regime (Kn>>1) it reduces to kinetic theory expression.
𝑑𝑽𝑙
𝑑𝑡𝑙
𝑑𝐕𝑙
𝑑𝑡𝑙

from equation (9) can be expressed as:
=

𝜏𝑟 =

𝑽𝑔 −𝑽𝑙

(3.11)

𝜏𝑟
2 𝑟 2 𝜌𝑙
9 𝜇𝑔

(𝜙(𝑅𝑒) + 2.7 Kn)

Conceptually the trajectory of the particle introduced in the flow can be gathered by solving equation
(3.11) for a given 𝑽𝑔 . But the problem arise due the mathematical stiffness to solve the above equation
as inertial relaxation time 𝜏𝑟 is very small as compared to characteristic flow transit time, therefore
integration increments ∆𝑡𝑙 must be of the same order of 𝜏𝑟 .
One way to solve the above equation is to select ∆𝑡𝑙 in such a way that it is large enough with respect to
inertial relaxation time 𝜏𝑟 but small enough with respect to characteristic flow transit time where the
averaged flow properties remains constant.
The right part of the equation 3.11 can be written in terms of slip velocity. Let the slip velocity be ∆𝑽
and it can be written as:
∆𝑽 = 𝑽𝑔 − 𝑽𝑙

(3.12)

Combining equation (3.11) and (3.12) the following equation can be derived:
𝑑
𝑑𝑡𝑙

(∆𝑽) +

Δ𝑽
𝜏𝑟

=

𝑑𝑽𝑔

(3.13)

𝑑𝑡𝑙

The equation 3.13 can be integrated over a time step ∆𝒕𝒍 provided

𝑑𝑽𝑔
𝑑𝑡𝑙

remains constant during the time

step ∆𝑡𝑙 .
∆𝑽2 = ∆𝑽1 𝑒

∆𝑡
−( 𝑙 )
𝜏𝑟

+ 𝜏𝑟

𝑑𝑽𝑔
𝑑𝑡𝑙

(1 − 𝑒

Δ𝑡
−( 𝑙 )
𝜏𝑟

)

(3.14)
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where 1 and 2 represent the start and end condition.

Changing the frame of reference
During calculation of droplet deposition on rotor blades it is convenient to work with frame of reference
rotating same angular velocity Ω to that of the turbine. The vapor and droplet velocity with respect to the
blade can be written as:
𝑾𝑔 = 𝑽𝑔 − (Ω𝑋𝑹)
𝑾𝑙 = 𝑽𝑙 − (Ω𝑋𝑹)

(3.15)

where R is the position vector from origin of the coordinate system.
In rotating machines it is always easy to calculate in polar coordinate system(𝑟, 𝜃, 𝑧) as shown in figure
9. The three component of slip velocity in rotating frame of reference are given by:

Figure 9: Meridional plane of frame of reference (modified) [26]
∆𝑊𝑟 = 𝑊𝑔𝑟 − 𝑊𝑙𝑟
∆𝑊𝜃 = 𝑊𝑔𝜃 − 𝑊𝑙𝜃
∆𝑊𝑧 = 𝑊𝑔𝑧 − 𝑊𝑙𝑧

(3.16)

The three scalar equation of motion corresponding to equation (3.14) can be expressed by transform it
into rotating coordinate system as:
∆𝑊𝑟2 = ∆𝑊𝑟2 𝛽 + 𝜏𝑟 (1 − 𝛽) [

𝑑𝑊𝑔𝑟
𝑑𝑡𝑙

−

2
𝑉𝑙𝜃

𝑟

]
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∆𝑊𝜃2 = ∆𝑊𝜃2 𝛽 + 𝜏𝑟 (1 − 𝛽) [
∆𝑊𝑧2 = ∆𝑊𝑧2 𝛽 + 𝜏𝑟 (1 − 𝛽) [

𝑑𝑊𝑔𝜃
𝑑𝑡𝑙

𝑑𝑊𝑔𝑧
𝑑𝑡𝑙

+

𝑊𝑙𝑟 𝑊𝑙𝜃
𝑟

+ 2Ω𝑊𝑙𝑟 ]

]

(3.17)

𝛽 = exp(−Δ𝑡𝑙 /𝜏𝑟 )
The terms in the third bracket in equation 3.17 are the average terms which are constant over the
increment ∆𝑡𝑙 .
For making the calculation little bit simpler all the calculation are done in two dimensional assuming that
the flow stream surface are surfaces of revolution with respect to turbine axis and fog droplet stream
surfaces are identical to vapor stream surfaces.
Transforming the equation (3.17) into (𝑚, 𝜃) coordinate system results in:
∆𝑊𝑚2 = ∆𝑊𝑚1 𝛽 + 𝜏𝑟 (1 − 𝛽) [
∆𝑊𝜃2 = ∆𝑊𝜃2 𝛽 + 𝜏𝑟 (1 − 𝛽) [

𝑑𝑊𝑔𝑚
𝑑𝑡𝑙

𝑑𝑊𝑔𝜃
𝑑𝑡𝑙

−

2
𝑉𝑙𝜃

𝑟

𝑠𝑖𝑛𝜙]

+ 𝑊𝑙𝑚 𝑠𝑖𝑛𝜙(

𝑊𝑙𝜃
𝑟

+ 2Ω)]

(3.18)

where 𝜙 is the pitch angle of the stream surface in the meridional plane.
Figure 10 represents the computation grid with respect to equation 3.18 where 𝑚 is the distance measured
along stream surface in the meridional plane and 𝜃 is the circumferential coordinate as shown in the same
figure.
∆𝑊𝑚 = ∆𝑊𝑔𝑚 − ∆𝑊𝑙𝑚

(3.19)

By setting Ω = 0 the equations are applicable for stationary blade passages and by setting ϕ = 0 the
equations are suitable for two-dimensional calculations.
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Figure 10: Representation of computational grid (modified) [26]

Simplified Theory of Deposition by Inertial Impaction
A Simplified Theory for Inertial Deposition proposed by Gyarmathy [19] based on inlet and outlet angle,
chord length is quite efficient to calculate the deposition. The calculation is divided into two components
where in the first the leading edge is considered to be a circular cylinder in a uniform parallel flow
whereas in the second the pressure surface is considered to be parabolic profile in a flow with constant
axial velocity. Although the Gyarmathy s theory comprises of two deficiencies firstly it does not include
the rotational effect of rotor and secondly, the viscous drag on the droplet is considered to be independent
of slip Reynolds number that causes a considerable error for large droplets. The mathematical
formulation is divided into two sections where the first part discusses about the leading edge deposition
and in the second part pressure surface deposition is discussed.
Leading Edge Deposition: The flow field is considered to be incompressible flowing uniformly over the
circular cylinder. For Re<< 1, the collection efficiency 𝜂𝑐 which can be defined as the ratio of deposited
particle mass flux to incoming particle mass flux is the function of Stokes number as shown in the figure
11.
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Figure 11: Collection efficiency Vs stokes number for a circular cylinder (modified) [26]
Thus, fractional deposition rate on the leading edge can be given as:
2𝑅
𝐹𝐼 = 𝜂𝑐 𝑃
Where R is the equivalent leading edge radius and P is the pitch of the blade.

(3.20)

Pressure Surface Deposition: In this calculation the flow is considered to be two dimensional flow but
inclined to a constant pitch angle 𝜙 with respect to the turbine axis.
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Figure 12: Geometric details of deposition on pressure surface (modified) [26]
The equation of stream line can be written by parabolic equation as:
2

𝑦𝑔 = 𝑦0 − 𝑚𝑡𝑎𝑛𝛽0 + 𝑠𝑚 ⁄𝑐 2

(3.21)

Where c is the meridional chord, 𝛽0 is the relative inlet flow angle and other notations as shown in figure
12.
Any variation in the meridional direction is not considered. The slip velocity in the circumferential
direction can be written from equation (3.18) by neglecting
𝑊𝑔𝑦 − 𝑊𝑙𝑦 = 𝜏𝑟 [(1 − exp (− 𝑚⁄𝑊 𝜏 )] . [𝑊𝑚
𝑚 𝑟

𝑑𝑊𝑔𝑦
𝑑𝑚

𝑊𝑙𝜃
𝑟

as:

+ 2Ω𝑊𝑚 𝑠𝑖𝑛𝜙]

(3.22)

The circumferential components can be written as:
𝑊𝑔𝑦 = 𝑊𝑚

𝑑𝑦𝑔
𝑑𝑚
𝑑𝑦

𝑊𝑙𝑦 = 𝑊𝑚 𝑑𝑚𝑙

(3.23)

by assuming Δ𝑊𝑦 = 0 at 𝑚 = 0.
Substituting equation (3.21) and (3.23) in equation (3.22), the equation for the trajectory of the droplet
can be derived.
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𝑚

𝑦𝑙 = 𝑦𝑏 +𝑦0 − 2𝑠(𝑆𝑡)(1 − 𝛼) [( 𝑐 ) − 𝑆𝑡(1 − 𝑒 −

𝑚⁄
𝑐𝑆𝑡 )]

(3.24)

where 𝑦𝑏 is the blade coordinate can be obtained by putting 𝑦0 = 0 in equation (3.21). Stokes number St
is given by
by

𝜏𝑟 𝑊𝑚⁄
𝑐 and the parameter 𝛼 which represents the Coriolis acceleration on the droplet is given

Ω𝑐 2 sin 𝜙
𝑠𝑊𝑚

The limiting trajectory that grazes the trailing edge on the pressure side of the blade can be obtained by
setting 𝑦𝑙 = 𝑦𝑏 at 𝑚 = 𝑐. The 𝑦0 is given as:
𝑦0 = 2𝑠(𝑆𝑡)(1 − 𝛼) [(𝑆𝑡) − (𝑆𝑡)2 (1 − 𝑒 −

1⁄
𝑆𝑡 )]

(3.25)

The fractional inertial deposition rate on pressure surface is given by:
𝐹𝐼 =

2𝑠
𝑃

(1 − 𝛼) [(𝑆𝑡) − (𝑆𝑡)2 (1 − 𝑒 −

1⁄
𝑆𝑡 )]

(3.26)

3.4 Thermophoresis deposition mechanism
Thermophoresis is the phenomenon which is observed due to temperature gradient in the free particles
of different sizes and exhibit different response to the thermophoretic force. This phenomenon is
observed in very small scale for example in the scale of one millimeter. Positive sign convention is
applied when the particle move from hot to cold region and negative for reverse. Heavier particle exhibit
positive thermophoretic force whereas lighter particle exhibit negative force. Although, the force is
significant in smaller particle even with moderate temperature gradient. Figure 13 provides a concise
idea about the deposition due to thermophoretic effect with respect to particle size and dimensionless
relaxation time [[22], [23]].
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Figure 13: Thermophoresis effect on temperature gradient and particle size [22]
Few scientists such as Ryley and Davis took effort to encounter the problems due to deposition and they
tested by internally heating the turbine blades. It is then when thermophoresis plays a dominant role.
Although a great extent of work can be made to study deposition with combination of several phenomena
along with thermophoresis but till now little is being studied on this part with respect to steam turbine.
Currently, in the present work this phenomenon is not studied due to certain constrains but may be done
in future works.

4. Deposition Experimental Observation
The remarkable experiment carried out by Crane [1] using a variable-incidence flat plate vertically in a
wet steam tunnel. The sauter mean diameter was about 1 µm and the wetness fraction was calculated to
be 2 percent in the steam tunnel. The deposition pattern was observed for an angle of zero incidence with
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an elliptical nose as shown in figure 14. The designed plate can be imagined as a simple turbine blade.
Although the modern day turbine blades profile is quite complex and three dimensional but the
experiment work as presented by Crane [1] provides a good physical interpretation of deposition.
Moreover, by changing the angle of incidence, the case is made familiar to the cascade condition at
variable load when the flow condition is not similar to that of design condition.

Figure 14: Fog droplets deposition pattern [1]
The observed pattern in deposition excellently described by Crane [1] are as follows :
“1. A thin surface film of water resulting from inertial deposition.
2. Apparent evaporation of the film, with occasional streaks.
3. Breaking away.
4. An unsteady zone of finely dispersed water, oscillating rapidly in the stream wise direction with an
amplitude similar to its stream wise extent, about 5 mm.
5. A region of stationary globules, from the downstream end of which the globules either evaporated or
were broken up and accelerated.
6. The pattern was similar with a sharp leading edge, except that feature 1 was absent.”
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5. Numerical Methodology
In the present study numerical calculation have been performed by steady state 2D Reynolds Averaged
Navier Stokes equations in Ansys CFX. The mixture of liquid-vapor are discretized using conservative
finite-volume integration over a control volume with a multi-grid method. Advection scheme and
turbulence numerics are both set to High Resolution.

6. Results and Discussions
In this section detailed description of the results on deposition shall be made which are based on the
mentioned theories. These are explained with the help of subsections such as the discussion of the test
case, followed by grid independency test, and minute observation on deposition results.

6.1 Test Case Description
The turbine cascade data was taken from the paper of White et al. [24], and the blade profile is a fifth
stage stator blade of a six stage LP steam turbine of 660 MW. In the present study one specific case is
chosen to investigate deposition on the blade surface. The detail about experimental condition of the
selected case is provided in Table 1.
Table 1: Experimental Data

Stagnation
Pressure
P01 (mbar)
419

Upstream
Stagnation
Temperature
T01 (K)
350

Stagnation
Superheat
T01-Ts (deg)
wet (1.6%)

Downstream
Mean Static
Pressure
P2 (mbar)
178

The simulation is performed with five different droplet radius as inlet condition to observe the
phenomenon of deposition depending on the droplet size. The different droplet sizes are illustrated in
Table 2.
Table 2: Droplet Radius
Nomenclature
Radius (µm)

R1
0.4

R2
0.6
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R3
0.8

R4
1.0

R5
1.2

6.2 Grid Independency
Grid independency test is very important to prove that grid has no effect on the solution. Apart from the
grids presented here many more grids were created due to high complexity of the simulation. Table 3
describes three kinds of chosen grids namely Mesh 1, Mesh 2 and Mesh 3. From figure 15 shows pressure
ratio in these three different grids. Mesh 1 solution is not at all satisfactory, whereas Mesh 2 and Mesh 3
are almost similar. Henceforth all the simulation shall be done with Mesh 2.
Table 3: Details of Final Grid

Mesh

1
2
3

Nodes

Aspect Ratio
Elements
(Min.-Max.)

Skewness
(Min.-Max.)

Orthogonal
Quality (Min.Max.)

39620

38875

1.81-8.33

2.69e-2-0.502

0.837-0.982

79140

78200

3.11-7.34

2.69e-2-0.503

0.7-0.983

93560

92600

4.54-10

2.68e-2-0.503

0.787-0.976

1.10E+00
1.00E+00
9.00E-01

Pressure Ratio

8.00E-01
M1-PS
7.00E-01

M1-SS
M2-PS

6.00E-01

M2-SS
5.00E-01

M3-PS
M3-SS

4.00E-01
3.00E-01
2.00E-01
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Fraction of Surface Distance
Figure 15: Grid Independency
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The quadrilateral structured non uniform grid is generated with high refinement on the surface of the
blade and few other regions in the flow domain as depicted in figure 16. The mesh is quite dense near
the wall so that 𝑦 + ≪ 1 can be achieved as shown in figure 17. More details of the mesh quality are listed
in Table 3.

Figure 16: Computational Grid
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Figure 17: y-plus value
In the current work all the simulations have been done by 𝑆𝑆𝑇 𝑘 − 𝜔 model to simulate wet steam flow
in the turbine cascade. The 𝑆𝑆𝑇 𝑘 − 𝜔 model is used for all the calculations. At first the simulation for
equilibrium flows have been done. Then the result of the equilibrium flow is used as an initial condition
for non-equilibrium flows of different droplet sizes as the inlet condition whereas pressure and
temperature of inlet and outlet remains the same as in equilibrium simulation. In equilibrium calculation
it is assumed that the two phases are in same temperature, whereas in non-equilibrium the above
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condition do not hold good. Simulation for non-equilibrium condition with equilibrium result as
initialization provides a good initial condition for further simulation and makes the process simple as
well serves good both in terms of accuracy and computational time.
Convergence- It is assured that the solution presented in the current work were converged to normalized
RMS residuals of the order of 10-5 or lower. This convergence criterion is maintained for all the
simulations. Figure 18 shows the convergence for mass and momentum, imbalance respectively. The
discontinuity in all convergence plots are due to the usage of equilibrium result as the initial condition
for the simulation of non-equilibrium calculations. Almost all the variables in the iteration have
converged to the order of 10-5 or below.
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Figure 18: Convergence Criteria

6.3 Flow Field Description
Figure 19 envisages the pressure distribution on the blade surface namely suction side and pressure side
and the results are compared with experimental results by White et al. [24]. The study is carried on by
five different mono dispersed droplets namely R1, R2, R3, R4, R5 respectively as described in table 2.
In the experiment of the particular case it was observed that there is strong bimodal droplet size
distribution, indicating that secondary nucleation occurred in the cascade. The mean radius of the larger
droplet mode was found to be around 0.5 µm.
The pressure distribution according to calculation has certain amount of deviation from the experimental
result. This is because condensation of primary droplets was enough to arrest excessive departures from
equilibrium and therefore the secondary nucleation was less intense and continued for a longer period.
Moreover, the calculation does not consider slip between vapor and droplets although there is
considerable slip for larger droplets with vapor phase.
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The pressure distribution throughout the domain for all simulations with different radius in figure 20
appears to be almost similar. Therefore, it is observed that different droplet radius has almost negligible
influence on the pressure distribution. The steam is expanding through the stator at expense of pressure
drop. The pressure side pressure distribution is high as compared to suction side pressure distribution.

Figure 19: Blade Surface Pressure Distribution
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Figure 20: Pressure Contour
Figure 21 shows the temperature plot for each of the condition. The steam is expanded through the stator
blades and energy is getting decreased, therefore temperature is gradually decreased through the blade
passage. The size of the droplet has no appreciable effect on the temperature distribution. It is found that
average outlet temperature to be same about 377.7 K for all the conditions.
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Figure21: Gas Temperature Contours
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Figure 22:H2Ol Mass Fraction Contours
Figure 22 depicts the contours for H2Ol mass fraction and here the noticeable difference can found
according to droplet radius. The physics behind this can be explained by the help of a mathematical
formula.
𝜂=

𝛽
(1−𝛽)𝑉𝑑 (𝜌𝑙⁄𝜌𝑔 )

where 𝜂 is the number of droplets per unit volume,
4

𝑉𝑑 = 3 𝜋𝑟̅𝑑 3 and 𝛽 is the wetness fraction.
Therefore wetness fraction remaining constant, 𝜂 ∝ 1⁄ 3
𝑟̅𝑑
Mass fraction distribution for smallest radius in figure 22 is highest and gradually decreases with increase
in droplet radius.
The same reason holds good for droplet number plot in figure 23. The droplet number for R1 which is
the smallest droplet size is highest and decreases with the increase in droplet size. The distribution of
droplet number throughout the computational domain can be seen from the plots.
The flow across the turbine cascade is well established and matches suitably with previous studies
although with some discrepancies. Here after the phenomenon on deposition shall be discussed in detail.
Two prominent kind of deposition physics are turbulent diffusion type and inertial deposition type.
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Figure 23:H2Ol Droplet Number Contours

6.4 Turbulent Diffusion Deposition
The main challenge to compute diffusional deposition lies in the correct prediction of boundary layer.
The flow within the cascade lies within eddy-diffusion impaction regime and with the small changes in
𝑢+ there is a large change in 𝑉+ . Moreover, it is very difficult to find the boundary layer over the blade
mainly because of the complex blade geometry and complex varying flow field within the cascade. The
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calculation of deposition is only possible if the droplet concentration can be known at the outer edge of
the boundary layer.
The prediction of boundary layer was completed in two attempts. In the first attempt the prediction is
based on the fact of existing strong velocity gradient in the boundary layer whereas in the second the
prediction is based on the concept of vorticity. Although the first method was not quite successful, but
the second method for prediction of boundary layer was accurate and further calculations are performed
with the second method.
In the first method, the boundary layer is calculated by introducing a new variable BL in CFD-post. The
𝐵𝐿 can be defined as follows.
𝜕𝑢

𝜕𝑣

𝐵𝐿 = (𝜕𝑥 + 𝜕𝑥 +

𝜕𝑤
𝜕𝑥

𝜕𝑢

𝜕𝑣

𝜕𝑤

𝜕𝑢

𝜕𝑣

) 𝑖̂ + (𝜕𝑦 + 𝜕𝑦 + 𝜕𝑦 ) 𝑗̂ + ( 𝜕𝑧 + 𝜕𝑧 +

𝜕𝑤
𝜕𝑧

) 𝑘̂

The concept behind introduction of 𝐵𝐿 lies in the fact that within the boundary layer of the turbine blade
there lies a strong velocity gradient as indicated in figure 24. Outside the boundary layer the BL remains
almost constant. With little amount of post processing the boundary layer for each simulation is
calculated as depicted in figure 25. The coordinates of the outer edge of the boundary layer was collected
and implemented as polylines in CFD Post to compute the droplet number the outer edge of the boundary
layer. The detail of post processing is shown in Appendix 1.
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Figure 24: BL contours of the flow
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Figure 25: Boundary Layer after post processing
The presence of wide gaps in the boundary layer made it inaccurate conceptually and therefore to get
more accurate boundary layer the second method was adopted.
The calculation of boundary layer was based on the principle of vorticity. The vorticity remains non zero
within the boundary layer. Outside the boundary layer the flow is inviscid and irrotational because of the
fact, the effect of viscosity is limited within the boundary layer [29]. Therefore, flow outside the boundary
layer remains potential flow at any instant of time as well as with the change in velocity through the
blade. The concept can be understood with some mathematical derivation as described [30].
Taking the curl of the Navier-Stokes equation:
𝜕𝒖

1

𝜵𝑋[ 𝜕𝑡 + (𝒖. 𝜵)𝒖 = − 𝜌 𝜵𝑝 + 𝜈Δ𝒖]
Applying vector mathematics:
𝜵𝑋(𝒖. 𝜵)𝒖 = 𝒖. 𝜵(𝒖𝑋𝜵) − [(𝜵𝑋𝒖). 𝜵]𝒖 + 𝜵. 𝒖𝜵𝑋𝒖
Also, 𝝎 = 𝜵𝑋𝒖
𝜵𝑋(𝒖. 𝜵)𝒖 = (𝒖. 𝜵)𝝎 − (𝝎. 𝜵)𝒖
Since, 𝜵𝑋𝜵𝒑 = 0 and 𝜵. 𝒖 = 0
Substituting the above conditions
𝐷𝝎
𝐷𝑡

= (𝜔. 𝜵)𝒖 + 𝜈Δ𝝎

The first term in the right hand side describes the effect of velocity variation on the vorticity which is
vorticity twisting and stretching in three dimension. Whereas the second term indicates the influence of
viscosity in the production of vorticity down a vorticity gradient.
During steady state condition the left hand side of the equation becomes zero. The equation transforms
into the following form.
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(𝜔. 𝜵)𝒖 + 𝜈Δ𝝎 = 0
Therefore, the production of vorticity within the boundary layer the combination of the velocity and
fluid viscosity whereas as outside the boundary layer it is zero.
Applying the same concept in CFD Post and obtaining the coordinates of iso-surface at 0.99 ratio, the
outer edge of the boundary layer can be determined. The boundary layer is depicted in figure 26.
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Figure 26: Boundary Layer on the Blade
In figure 27 the plots for friction velocity verses fraction of surface distance is graphed. From the plots
it can be noticed that friction velocity for all simulations with different droplet size is same. The friction
velocity is an important parameter to determine the zone of diffusional deposition as indicated in equation
3.5 and 3.7.

Figure 27: Friction Velocity
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The effect of surface roughness for all the simulation is considered to have negligible influence mainly
because of two reasons. The first reason being the laminar zone where 𝜏+ is very small which is dominated
by turbulent-particle diffusion mechanism is only nearly 10% of total true chord. The second reason is
that when 𝜏+ gradually increases or more precisely 𝜏+ < 2, the effect of surface roughness has negligible
influence on deposition.
The theoretical prediction of diffusional deposition is described in terms of 𝐹𝐷 known as fractional
diffusional deposition rate is very well described in reference [25] as "Considering the mass flow rate of
water entering the blade row through a stream tube of thickness 𝑑𝑅 situated at a radial distance 𝑅 from
the turbine axis at blade inlet, 𝐹𝐷 is defined as the fraction of water flow rate which is deposited on the
blade by diffusional deposition."
In case of diffusional mechanism of steam turbine, the most dominant regime being eddy diffusionimpaction regime and partially particle-inertia moderated regime. The diffusional mass transfer is highest
in eddy diffusion-impaction regime whereas the deposition of mass starts declining as the regime of
deposition transfer from eddy-diffusion to inertia-moderated. In eddy-diffusion regime where 0.1 <
𝜏+ < 10 the deposition occurs due to particle transportation to the surface by intermittent turbulent bursts
of fluid which disrupts the sublayer. Whereas for large particle 𝜏+ < 10, the deposition is small due to
damping effect of turbulent eddies.
The values of fractional diffusional deposition cannot be directly obtained from the software. Therefore,
a number of new variables were introduced in CFD Post to obtain depositional velocity. For obtaining
the deposition, another important parameter is droplet concentration at the edge of boundary layer. The
edge of boundary layer was obtained by making isosurface in CFD Post as shown in figure 26. Then with
bit of calculation Excel the fractional diffusional deposition was calculated. The detail of the process and
variables are indicated in Appendix 2.
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Figure 28: Fractional Diffusional Deposition on Pressure Surface
In figure 28 and 29 plots the graph of fractional diffusional deposition for pressure surface and suction
surface respectively. The deposition is maximum for the droplet with minimum size and gradually
decreases as the size increases. It is also noticeable as the droplet size is increased the deposition after a
certain droplet size do not show considerable change. The deposition near the trailing edge of pressure
surface and nearly after 25% of blade surface distance from leading edge for suction surface as shown in
figures 28 and 29, suddenly decreases due to the change of regime from eddy-diffusion to inertiamoderated. Another interesting fact is that suction surface attains the transition of regime much earlier
as compared to pressure surface.
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Figure 29: Fractional Diffusional Deposition on Suction Surface

6.5 Inertial Deposition
The inertial deposition can best be visualized physically by observing the streamlines of water droplets.
Droplets of considerable size cannot follow the stream lines of the vapor due to its inertia and unable to
follow highly curved path within the turbine blades and they graze the surface of the blade. When the
streamline of a droplet grazes the blade surface, then there is the maximum probability of having
deposition and maximum grazing happens near the trailing edge in both pressure surface and suction
surface. At the leading edge near the stagnation point the stream lines are highly curved and lies a great
chance that droplets of high inertia get detached from vapor steam line and may cause deposition.
The droplet size is a dominant factor for inertial deposition along with blade geometry. For simple blade
profiles deposition is almost constant though out the surface distance but for the blade profile of high
curvature the deposition varies a lot through the surface distance. The droplets having greater size are
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having greater inertial effect, therefore it is expected that droplet with highest radius shall give highest
deposition.
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Figure 30: Fractional Inertial Deposition on Pressure Surface
Description of inertial deposition can be given by a factor known as fractional inertial deposition 𝐹𝐼
obtained from equation 3.26 can be defined as the fraction of water flow rate deposited on the surface of
the blade. In figure 30 and 31 fractional inertial deposition for pressure surface and suction surface is
shown respectively. The results matches satisfactorily with expectation, as the droplet size is increased
the deposition also gets increased. The deposition is increased more towards trailing edge for both
pressure surface and suction surface. One very noteworthy and interesting fact is that deposition rate do
not vary a lot after a certain size of droplet, for example after R4 there is not much considerable change
in deposition in both the surfaces of the blade profile.
The post processing required for inertial deposition was much less and less complex as compared to
diffusional deposition. The process was rather direct and straight forward and shown in Appendix 3.
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Figure 31: Fractional Inertial Deposition on Suction Surface

6.6 Total Deposition
Total deposition on the blade surface is the summation of fraction diffusional deposition and inertial
deposition.
𝐹𝑇 = 𝐹𝐷 + 𝐹𝐼
Figure 32 and 33 shows the plots for total deposition for pressure surface and suction surface respectively.
In the trailing edge the deposition is quite high as the deposition is mostly dominated by inertial
deposition. The size of the droplet has a pronounced influence on the deposition phenomenon. Generally,
as the radius of the droplets increases the deposition is increased for the droplets ranging in size of 0.4µm
to 1µm. A very interesting fact in both figure 32 and 33 is that deposition R4 is greater than deposition
R5 except near the trailing edge. This is due to the fact that for R5 the diffusional deposition becomes
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negligible as the size of the droplet is quite high of about 1.2µm. In this range of size the diffusional
deposition is almost absent as also seen from plots for diffusional deposition.
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Figure 32: Total Deposition on Pressure Surface
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Figure 33: Total Deposition on Suction Surface

7. Conclusion
The long existing challenge in steam turbine that is droplet deposition which is also responsible for the
erosion of penultimate and ultimate stages of blade rows. The thesis aims to study the deposition
phenomenon for the droplet size range of 0.4µm to 1.2µm on a last stage stator blade of a 660 MW steam
turbine. The droplets of various size within the above size range keeping the other boundary conditions
to be the same were used for the simulation. The mesh in the computational domain was totally structured
type with a very high mesh density near the wall of the blade. The mesh quality plays a crucial role due
to the complexity of the physics in the simulation.
Two different kinds of deposition phenomenon was studied in the work namely diffusional deposition
and inertial deposition. Boundary layer plays a significant role in diffusional deposition. As diffusional
deposition is a boundary layer phenomenon caused due to various reasons such as combined effect of
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Brownian and eddy diffusion, turbulent bursts of fluid disrupting the sublayer, therefore the boundary
layer development is quite sensitive to droplet size. The turbine works mainly eddy diffusion impaction
regime where the deposition velocity changes quite abruptly with respect to dimensionless relaxation
time. The eddy diffusion impaction regime occurs in turbulent boundary layer. Therefore, accurate
prediction of laminar-turbulent transition along with boundary layer is vital. Unlike in turbulent boundary
layer, the deposition in laminar boundary layer that is in turbulent particle diffusion regime is quite small
or negligible. The maximum fractional diffusional deposition on both pressure side and suction side is
comparable although total deposition in pressure side is greater than that of suction side. It is also
observed that the diffusional deposition is maximum in smaller size droplets. There is a remarkable
decrement in deposition from 0.4µm to 0.8µm droplet size and after 1µm there is no appreciable change
in deposition. The results of simulation matches well with established theory as indicated in figure 6,
where diffusional deposition for larger droplets in Particle Inertia- Moderated Regime not only saturates
but also degrades. As diffusional deposition is associated with boundary layer, the smaller size droplet
can well interact with boundary layer and cause deposition whereas the deposition for considerably larger
droplets falls in particle inertia moderated regime where the droplet inertia damps the effect of turbulent
eddies which decreases the diffusional deposition.
The inertial deposition becomes quite dominant when the droplet size increases. Due to the inertial of
the larger droplets, they cannot follow the stream lines of the steam in highly curved flow direction. The
droplets detach themselves from steam stream line and deposit themselves on the surface of blade. The
deposition is increased as the droplet size is increased. Although after 1µm of droplet size the deposition
rate have no remarkable increment. The deposition is maximum in the trailing edge for both pressure
side and suction side. Although the total deposition in suction side is greater than that of pressure side
with a maximum deposition of 10% just in the vicinity of trailing edge, whereas maximum deposition in
pressure surface is about 7.5%. The shape of the blade plays an important role in inertial deposition as
well.
The inertial deposition is dominant for the chosen range of droplet size in maximum region of the turbine
blade. Therefore, the total deposition increases as the droplet size is increased except for 1.2µm droplet
group. Here, the diffusional deposition becomes almost negligible due large droplet diameter and the
total deposition decreases than that of the 1µm droplet group. The pressure side and suction side
experience the same kind of phenomenon.
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Further work can be done extensively on the part load working condition of the turbine and then
designing the turbine in such a way to have minimum effect of depositional erosions. Detailed study can
be made with three dimensional calculations as the shape of the blade change extensively in radial as
well as axial directions which leads to secondary vortices and effect of three dimensionalities on
boundary layer and droplet trajectory which eventually responsible for deposition.

Appendix 1
The equilibrium simulation was performed at first and then using the result of equilibrium simulation,
non-equilibrium simulations were performed for different droplet radius.
The prediction of the edge of the boundary layer was an important step for calculation of diffusional
deposition. The geometry of blade profile was quite complex to be able to locate boundary layer over it
directly or by any simple means. To locate boundary layer over the blade surface a new formula is
introduced as:
𝜕𝑢

𝜕𝑣

𝐵𝐿 = (𝜕𝑥 + 𝜕𝑥 +

𝜕𝑤

𝜕𝑢

𝜕𝑣

𝜕𝑤

𝜕𝑢

𝜕𝑣

) 𝑖̂ + (𝜕𝑦 + 𝜕𝑦 + 𝜕𝑦 ) 𝑗̂ + ( 𝜕𝑧 + 𝜕𝑧 +
𝜕𝑥

𝜕𝑤
𝜕𝑧

) 𝑘̂

The formula relies on the fact of velocity gradient and boundary layer has very strong existence of
velocity gradient from wall to mean flow. Although flow inside the turbomachinery is quite notorious
but still the above formula give quite good result in prediction of boundary layer.
In CFD-Post 𝐵𝐿 was introduced as a variable and contours were plotted. The results of the contours were
shown in figure 24. Once again the figure is given here to maintain the continuity.
Then, all the values of BL were exported to excel
for further post processing. As the whole domain
contains innumerable points little processing was
done in MS Excel and then it was taken to
MATLAB. The formation of boundary layer will
only be near the blades and with the use of few
conditional statements the calculation points were
reduced in Excel. In the last column ‘1’ indicates
the desired data that should considered whereas ‘0’ are not to be considered.
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Then after Excel operation is over the data was
loaded in MATAB.

The MATLAB code for obtaining boundary
layer around the blade is as follows:
clear all
close all
clc
load export_Copy_1.txt

plot(export_Copy_1(:,1),export_Copy_1(:,2),'.')

% data_1=[export_Copy_1(:,4) export_Copy_1(:,1:3)];
%
% data_2=sort(data_1);
% data_3=data_2(115723:end,:);
A=find(export_Copy_1(:,4)>0.5);
data_4=export_Copy_1(A,:);
data_4=sortrows([data_4(:,2) data_4(:,1) data_4(:,3:4)])
%data_3-data_4
figure(1)
plot(data_4(:,2),data_4(:,1),'.')
hold on
figure(2)
plot3(data_4(:,2),data_4(:,1),data_4(:,3),'.')
distf=find(sqrt((data_4(2:end,1)-data_4(1:end-1,1)).^2+(data_4(2:end,2)data_4(1:end-1,2)).^2)>0.001);
%figure(1)
% plot(data_4(distf+1,1),data_4(distf+1,2),'c.')
hold on
%1626468
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B=find(data_4(:,3)<constant);
data_5=data_4(B,:);
plot(data_5(:,2),data_5(:,1),'r.-')
hold off
figure (3)
%data_5=sort(data_5)
plot(data_5(:,2),data_5(:,1),'r.','LineWidth',1.5)
handle=gca;
set(handle,'LineWidth',1,'fontsize',16,'FontName','Times New Roman')
%set(handle,'Position',[0.07 0.16 0.41 0.75])
%set(handle,'XTick',[0:0.25:2])
%set(handle,'XTickLabel',[0:0.25:2])
set(gcf, 'PaperPosition', [0 0 20 10]); %Position plot at left hand corner with
width 5 and height 5.
set(gcf, 'PaperSize', [20 10]); %Set the paper to have width 5 and height 5.
saveas(handle, 'my_curve', 'tiff') %Save figure

AA=[data_5(:,2) data_5(:,1) zeros(length(data_5(:,1)),1)];
%save (myLine,data_5(:,1),'data_5(:,2)')
save my_line.txt AA -ASCII

After post processing in MATLAB the plot of
boundary layer was obtained as was shown in figure 25
The same figure is shown here as well. The figure
describes the position of boundary layer. There are two
places of discontinuity where boundary layer is absent.
Although in reality the boundary layer is not absent but
as the formula relies on velocity gradient and here in
these two position velocity gradient is very small
though present. So, to make the result practically viable
the boundary layer in these two positions are extrapolated from its side. Then the coordinate of the outer
edge is collected by means of a digital software and then exported to CFD-Post as polylines.
The formula was tested by two ways. A new variable known as BLmag was introduced in CFD Post and
same process as above was repeated, then it was found the prediction of boundary layer is very nearly
the same. Secondly, few perpendiculars were drawn on blade surface in CFD-Post as lines. Then velocity
profile on these lines were observed. Then the coordinates were noted where velocity change is almost
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zero or relative very small and then the coordinates were matched with figure 25 and was found
satisfactory.

Appendix 2
Some of the variables those were used for post processing are as follows in the purpose of example:
CE=(-0.0002*(Stk^2))+(0.0238*(Stk))+0.3962
D=boltzmann*H2Og.Temperature*(1+2.7*Kn)/(3*3.14*H2Ol.Particle Diameter*H2Og.Dynamic
Viscosity)
Deposition Velocity=Vp*fv
IB=if(xx>5,5*loge(25.2/abs( sp+rp-4.8)),24.5)
IBdeno=5*loge(25/(sp+rp-4.8))
IS=if(xx<5,14.5*(Sc^2/3)*(fphi+gphi-fphi1-gphi1),0)
Kn=MFP/H2Ol.Particle Diameter
MFP=boltzmann*H2Og.Temperature/(1.414*3.14*Total Pressure*Vapordia*Vapordia)
Pitch =87.59e-3 [m]
Sc=neug/D
Stk=tau/(2*LERadius)
Vp=(IS+IB)^-1
a=14.5*(Sc^(-1/3))
fphi=(loge(((1+phi)^2)/(1-phi+phi^2)))/6
fphi1=(loge(((1+phi1)^2)/(1-phi1+phi1^2)))/6
fv=(H2Og.Wall Shear/H2Og.Density)^0.5
gphi=(atan((2*phi-1)/(3^0.5)))/(3^0.5)
gphi1=(atan((2*phi1-1)/(3^0.5)))/(3^0.5)
neug=H2Og.Dynamic Viscosity/H2Og.Density
phi=5/a
phi1=(sp+rp)/a
rp=(H2Ol.Particle Diameter/2)*fv/neug
sp=0.69*taup
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tau=(H2Ol.Particle Diameter^2)*H2Ol.Density*(1+2.7*Kn)/(18*H2Og.Dynamic Viscosity)
taup=(H2Ol.Particle Diameter^2)*H2Ol.Density*(1+2.7*Kn)/(18*H2Og.Dynamic Viscosity)
xx=sp+rp
Then they were further calculated in excel to get the final result.

For diffusional deposition, the dimensionless diffusional
deposition velocity is calculated.

And polyline 4 indicates the droplet concentration at
the edge of boundary layer. Then the coordinates of
dimensionless diffusional deposition velocity and
droplet concentration were matched and fractional
diffusional deposition was calculated.
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Appendix 3
Similarly the deposition for inertial deposition was calculated with excel.
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