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Context and Objectives

Wetness in steam turbine

Nucleation
Growth

Deposition

Liquid film

Atomization
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Context and Objectives

Wetness induces erosion and losses

1% humidity =
1% power loss

Baumann'’s rule (1912):

Hesketh, 2005, J. Mech. Eng. Sc.
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Context and Objectives

Describe the unsteady liquid film on stator and rotor blades
with a model and numerical simulations

droplet, gas fields
Fendler, 2012
Blondel, 2014

—

Code Film

thickness
velocity
frequency

Correlation

Gyarmathy, 1962
Laali, 1991

—3» losses
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Liquid film model
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Liquid film model

= Literature analysis: thin (10 to 100 pm), laminar, continuous
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Hammitt et al., 1981, Forschung im Ingenieurwesen

= Modified Shallow-Water equations: integral formulation of
simplified Navier-Stokes equations
with specific physics
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Liquid film model

Frames

(blade)
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Liquid film model

Simplified incompressible N-S equations at order O (£2) with € = h/I.
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Liquid film model

Boundary conditions

o At the wall:
u,, =0 v,_ =0 w,_ =0
i oz oz

o At the free surface:

d
mass balance = d—T = pSmdxdy
d(n—
N (n—2) _s, dx
dt

= Wy = atn + u|z:nax77 + V|z:nay77 - 5'77
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Liquid film model

Exact form of the integration over the thickness of the film

Oh  Ohu  Ohv
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Liquid film model

n- 7
Closure laws : [ u?dz f7 uvdz, " vidz
Zp . Zp

— . i . 1 —
[ wPdz =Th® withu = — [ udz
zp h zp
Vertical Linear Parabolic ~ Semi-parabolic
r=1 =4/3 =6/5 =6/5
Legitimacy for parabolic velocity profile:
e Theory: Poiseuille flow
o Experiments: Falling films 23
06
o T w2 U— [/V
! T
™oz Adomeit and Reiz,
. rrb \/ WW rrrw 2000, 1JMF
o 05 1 0051 0051

0051

For the model, T =1or =6/5

1Bertshy et al., 1983, JFM
Alekseenko, 1985, AIChE Journal
3Adomeit, 2000, IJMF
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Liquid film model

Closure laws :

= Entropy equation for a global system composed with liquid and vapor

Stating that:
- the velocity at the free surface depends on both phases
- the entropy of the system must increase in time
- the transfer of mass between the two phases is only due to thermodynamic phenomena

- the velocity of the liquid is represented by its mean velocity

. . u+tu
the only entropy-consistent velocity is: u| = —2"3130’
n
= Physical behavior Ugas
, Gas
up !
= — ()
— — — Wiquid — | —
— — ——— Liqud 4y
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Liquid film model

o General model
oh Ohu Ohv
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Simulations - verification

Dam break (particular Riemann problem)
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1 - rarefaction

B wr/
(h),t + (h“),x =0 h N / 3 - shock
_, —2 gcos(S)h2 // ws "

(h), + ( ho” + == ) =0 h [
’ X T ‘w —ght' /
(hv) , + (hE V), =0 w,
x
T

h analytical solution —

1 = .
: h order 1

095 — horder 2

£ -
08/ =

2

o \
077 <

0.4 0.45 0.5 0.55 0.6
y [m]
05 _, % \
04 E /% v analytical solution — 1
CE vorderl ™

03[ 2 vorder2

S
027 8

3 I
0.1 |

[}
0.4 0.45 05 0.55 0.6

15/24



Simulations - verification
Dam break with ' = 6/5

(h) s+ (ht) , =0
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Simulations - verification
Hump (particular Riemann problem)

hati=0

(h); + (ht) , =0

hatt=05
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Leveque, 2004
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Simulations - verification

Inclined lake at rest

(h) .+ (H9),, =0

2
(hv) , + (hvz + %) = ghsin(0)
2y

The inclined lake at rest is an
analytical solution of the model
(v=20and h=tanf+ hg). The
code verify this solution as the
initial condition do not evolve.
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Simulations - validation

Falling liquid film on an inclined plate

e A small perturbation is amplified (unstable) if Resim > Re..
Theory : Linear stability analysis of N-S equations
Experiment : Liu and Gollub, 1994, PoF

o Model (h),;+(hv) , =0

Re. = gcot(ﬁ)

2 _
(hV) ¢+ (W2 + B0 = ghsin(0) — %7

e Relative height at the center versus time for § = 6.4 = Re. = 7.4

Refijm = 7.9 Refijm = 7.0
(> Rec) (< Rec)
Cells number/Re 7.7 7.8 7.9 8.0 8.1 8.2 8.3
100 S S S S S S U
1000 S S U U U U U
10000 S U U U U U U S for stable
100000 S U U U U U U

U for unstable 19/24



Simulations - validation

Highly sheared film on a plate under steam turbine conditions

e Experiment *: 0.2 bar, 52.2 °C, steam velocity 60-390 m/s, film flow rate 5.107'm*/s
= Measured film height from 50 to 200 pum
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Simulations Highly sheared film on a plate under steam turbine conditions

with
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Simulations
Implementation of the surface tension (% hd,,, h)

Option 1:

» unchanged model

> centered scheme

le-06
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Option 2 (Noble & Vila, 2013):

> extended model (4 1 equation which
reduced the order of the system)

> centered scheme
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Extended model with centered scheme (Noble&Vila, 2013) *

Unchanged model with centered scheme

PRSI

time [s]

1 15 2

3.5 4

Model (option 1):

(h) e+ (hv) , =0
_ _ 0)h?

(hv) . + <hv2 + Losg ) ) , =

>

ghsin(6) — 2% + % hdyyy h

Falling film: linear stability analysis
Refjm = 8.26, 6 = 6.4° and 100 nodes
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Simulations - validations

Inverted gravity

A liquid film flowing down the bottom side of an
inclined plate is always unstable. This instability
can be absolute or convective depending on the
Kapitza number (surface tension/inertia), the
Reynolds number (viscosity/inertia) and the
angle 0. Kofman, PoF, 2016

A0 A0
173 + @) 17814 [
172 + 1771+ O
—_ 1761+ O
170 O 17— O
165 4+ O —

Ka=100, Re=10 Ka=100, Re=60

(h) ¢+ (W), =0

2
()., + (472 + =)
ghsin(8) — ¥ + 2 hdy,y h

1 DNS model RQ-M, 2000
O Current model

O [ absolute instability
O [ convective instability

Y
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Conclusions and perspectives

e A model (stator and rotor) for liquid film in steam turbines has been
proposed and its properties have been examined.

e The entire stator model has been implemented (convection, mass
transfer, shear at the wall and at the free surface, surface tension, gas
pressure, droplet impact momentum)

e The stator model has been verified with two Riemann problems, the

inclined lake at rest and validated with the falling film, the highly sheared
film and the inverted gravity experiments.

e Implementation of rotational effect.

e Chaining method (Fendler and Blondel's results)

Thank you for your attention.
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