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Abstract: Present work analyses the condensation of superheated water vapor in
supersonic Barschdorff nozzle. The influence of pneumatic mounts in 3D laval nozzle is
analyzed using steady and unsteady two phase non-equilibrium condensation steam
flow model in Ansys CFX16. Mesh independency studies in 2D model showed that at a
lower inlet total temperature and very fine mesh (e.g. 100.2°C and 77k mesh elements)
there is problem with the convergence using steady simulation. This is possibly due to
the ability of very fine mesh to capture the small flow unsteadiness. The variation in
location of Wilson’s point, Wilson’s pressure and maximum sub-cooling rate at the
centerline of the nozzle is below 1.5%. The 2D CFD nucleation rate is 50% stronger and
droplet diameter is 18% higher compared to the 3D CFD results. The deviation in
nucleation rate and droplet diameter at nozzle outlet is the result of dissipation due to
wing structure in the 3D model. Nucleation zone predicted by Ansys CFX16 is far
upstream the experimental one. Different correction factors in modified nucleation
model were used to fit the computed pressure distribution with the experimental one.
The correction factor is dependent on boundary conditions and nozzle profile. It is thus
concluded that the significance of such correction factor is not unique.
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1. Introduction

Historical Background: Low pressure turbines are susceptible to the condensation process that
accounts for 25.5% of the total losses. Practically in all low pressure steam turbines that are used
for electrical power generation the steam in the last turbine stages reaches saturated conditions.
In order to maximize the cycle efficiency of the steam turbine about 10% to 12% wetness
fraction at the outlet is necessary [14]. Impact velocity, droplet size, impacting droplet flow rate,
and hardness of the target material are the most important parameters in rotor blade erosion
caused by the impact of water droplets. It was also observed that the impact angle is not
important in water droplet erosion. However, it influences the erosion before craters are formed
on the target surface [17]. In operational turbines variation of nucleation zone exists along radial,
circumferential and axial direction. Analysis requires to resolve the coupled transient
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aerodynamics and condensation process. And it is impossible to measure the pressure and droplet
size distribution along the rotor blade passage. Realizing the complexity of condensation process
in real operational turbines, we simplify our study to stationary cascade. But even in these
cascades nucleation zone varies in axial and circumferential direction. Flow in cascade is coupled
system of aerodynamics and condensation process. It is still very difficult to measure the pressure
and droplet size distribution along the streamlines in the cascades as the path is curved. Further
simplification of the cascades leads to the nozzles where the aecrodynamic influence is negligible.
Variation of nucleation zone is along axial direction in nozzles. Also the measurement of the
pressure and droplet size along the channel axis is technically and economically feasible [2, 3, 9,
12, 18, 22, 23].

Condensation Thermodynamics: Homogenous condensation assumes generation of mono-
disperse particles as a result of spontaneous condensation. Once condensation sets in the analysis
consists of the expansion process of both the super-cooled vapor phase and condensed liquid
phase. Variables that define two phase flow are related by the conservation of mass, momentum
and energy of the whole system. Also the nucleation and droplet growth model determines the
important features of two phase flow. Consider a vapor expanded from a superheated state such
that it crosses the saturation line. For relatively fast expansion process, the vapor will not have
enough time to adjust itself immediately for the condensation. And hence it will remain as vapor
and continues to expand like superheated vapor even after crossing the saturation line.
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Fig. 1: Simplification of experimental investigation of condensation process

This phase of vapor in a meta-stable equilibrium condition behaves like superheated vapor and
referred to as ‘super-cooled vapor’ or ‘Super-cooled vapor’. It is also called as ‘supersaturated’
or ‘sub-cooled’. At certain point called Wilson point (location where p’ & p” > 0, Fig. 2) where

the super-cooled vapor can no longer hold its meta-stable equilibrium condition, further
expansion causes a sudden collapse of the super-saturated with the formation of nearly mono-
disperse droplets appearing in the form of a fog. This process is called homogeneous
condensation which takes place in the absence of any foreign nuclei. The release of latent heat
during condensation results in an adiabatic flow with an increase in pressure [16, 21, 24].

Fig. 2 shows the phenomenon of supersaturated steam condensation in a Laval nozzle. The h-s
diagram on the top shows the isentropic expansion vapor from initial stagnation conditions to
crossing the saturation line and staying in a supersaturated state until at pressure when suddenly
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spontaneous condensation occurs. The release of latent heat causes an increase in temperature,
pressure and entropy. Often this sudden rise in pressure is often misinterpreted as condensation
shock. The steepness of the pressure rise is because of the condensation process. The strength of
the steepness depends on the strength of condensation or nucleation rate, which again is
influenced by the geometry of the nozzle and stagnation conditions or boundary conditions. For
a low expansion rate nozzle the pressure rise is not abrupt. The super-cooling decreases as the
vapor temperature, pressure and entropy increase. Consequently, the super-cooled vapor becomes
closer and closer to its equilibrium state. The spontaneous condensation process takes place
instantaneously. Eventually at the end of spontaneous condensation the pressure is attained. After
that the super-cooled vapor will almost achieve equilibrium state. Further expansion downstream
would be an equilibrium isentropic expansion [8, 15]. For given inlet total pressure, with an
increase in total inlet temperature the condensation zone moves upstream the nozzle, also the
strength of the condensation increases. As the total inlet temperature decreases the flow tends to
become more and more unstable. This unstable force can be significantly important in the health
monitoring of the turbine blades.

Enthalpy, h

Entropy, S

L
Dry Superheated Steam | Wet Steam
% %
pe Sa?urated %é <
Point a3 |¥E
T Toi<Te %) =
Pressure INNGTSS
p |
p /
throat gl
\ 2
P= P ==
Wilson's
Point

Fig. 2: Condensation in nozzle
2. Two-Phase Flow Modeling

2.1 Governing Equations

The real gas properties in the steam are calculated from IAPWS standard, while the meta-stable
region is treated by extrapolations from the superheated region [20]. The usual constraint for the
volume fractions of the phases is

nd
b+ > ¢ =1 )
d=1
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where, ¢ represents the volume fractions of the phase and the subscript/ denotes the continuous

(vapor) phase. The index d refers to one or several ( nd ) dispersed liquid phases (i.e. droplets).

Equations for conservation of mass for continuous (vapor) and dispersed (droplet) phase are
given below:

olgo ﬁ(ﬁmj) SR
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whereas 1 is mass condensed on an already existing droplet is a source term, .J,is nucleation
rate and mass of the critical droplet ism,,,, pis the density and « is the flow velocity. The mass
conservation for the mixture is expressed by the equation below:
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An assumption is made that the droplets are small enough to follow the vapor without slip.
Hence, no drag forces between the phases. Then it is sufficient to solve only the momentum
equation for the continuous vapor phase which equates to
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whereas z,;is the viscous stress tensor and the source term my . is the inter-phase mass transfer.

The energy conservation equation for the continuous vapor phase is given by:
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whereas H is the total enthalpy, I',is the thermal diffusion coefficient and S, is the source

term that includes the effects of mass and heat transfer. For the dispersed phase the energy
conservation equation is replaced by the simple algebraic formulation,

T, =T.(p)- AT(L“') (7
r



Dura 29

Equation (7) is used to calculate the droplet temperature. This approach is feasible for droplets
with a diameter below 1 um. If the droplet size exceeds 1 um an additional transport equation for
the dispersed phase has to be solved [11, 20].

2.2 Non-equilibrium (NES) Model
Several researchers worked on the mathematical model of droplet formation rates [2, 3, 7, 21,

23]. The process of droplet formation is known as a classical homogenous nucleation theory. The
number of droplets formed per unit volume and unit time is given below:

2 2
J=Ac 1/—203 &exp —f—4ﬂOT"’"” where =2~ Ly L 1 ®)
l+n Vmn™ p, 3KT, y+1RT,\ RT, 2

where, ¢, is condensation coefficient and is normally set to unity, m is the mass of one water

molecule and K is Boltzmann’s constant. 77 is defined as non-isothermal correction of

Kantrowitz [16] and is defined as the ratio of specific heats and the latent heat. The correction
factor 'f' is introduced to give an opportunity for engineers to calibrate the nucleation rate as
presented in the validation of the wet steam model section.

Ineq. (9), v is a function of & . « is an empirical constant used to fit numerical calculations to
measurements. It's value varies from 0 to 9. Young model [23] to predict the droplet growth is
given by:

dar A 1
prinh T(p)-T)1-r..
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Conservation of the droplet number N, is considered for the two-phase flow. For each dispersed

phase an additional equation is considered:

olpu, N
a(pN)d + (,0”1 )d =Py (10)
ot Ox;

Here, pu; is the weighted velocity.

2.3 Boundary Condition and Settings

For the current study four properties, namely the flow direction (two directions in 2D flow),
stagnation temperature and stagnation pressure must be specified at the inlet. The boundary at the
outlet is supersonic. The flow field property (density) is extrapolated from the numerical
solution. SST turbulence model is used with turbulence intensity of 5-10% [1, 7, 19].
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3. Convergence and Mesh Independency Study

Convergence criteria with an RMS value of 1e® obtained for steady and le” is for unsteady
simulation. For unsteady simulation the time step of 5E”s” and coefficient loop of 5-20 is used
depending on the transient simulation case [1, 8, 15].

Table 1: Convergence study for with steady simulation

2D Mesh Density
Temp 5k Mesh 21k Mesh 43k Mesh 77k Mesh 120k Mesh 235k Mesh
100.2°C N V N
102.2°C N N N
103.2°C N N V
105.2°C N N N
112.2°C N N V
NOTE:
\ = Solution converged with steady state simulations
x = Solution converged only with unsteady simulations

Mesh convergence using steady simulations was carried out for 2D and 3D meshes. It was found
that for the finer mesh with lower superheated inlet temperature the convergence is not achieved
using steady state flow simulations. Comparing the pressure distribution and droplet diameter
mesh with 77k elements for 2D and 3M elements for 3D is considered to be the best resolved
mesh.

4. Nozzle Geometries
4.1 Experimental Nozzle

Fig. 3 is the Barschdorff nozzle. The radius of the wall curvature of 584mm and the critical throat
height of 60 mm. An airfoil section runs along the channel width which is used to support pipe
with pressure probe that runs along the channel axis.

\ ‘ Pressure Probe %
\
2 e v A Outlet
e :
v Airfoil section
et 795 -

Fig. 3: Barschdorff’s nozzle profile



Dura 31

The wall friction has a direct influence on the spontaneous condensation process and therefore it
is important for an accurate friction prediction while designing Laval nozzles [19, 24]. The
selection of experimental steam nozzle can be done in two ways as it is very important to note
down that the profile of the nozzle is critical. The first approach is designing a new steam nozzle
using numerical analysis (e.g. CFD codes) in order to ensure that the nozzle is not too unstable or
highly influenced by friction. Or the alternative approach is to study the previously studied
nozzles (as it has been done here) and validate with the results available in the literature. The
second approach offers more usefulness as one can compare the experimentally computed results
with results from others. This can be very useful as it helps to do progressive studies (knowing
the drawbacks of past experiments can be improved for new one) on the experimental and
numerical sides.

4.2 3D Computational Nozzle

The 3D computational domain contains rectangular inlet geometry with pneumatic mounts (i.e. a
pressure probes and airfoil section far upstream the throat that passes across the channel width to
support the probe). The location of the leading edge of the airfoil is 389.5mm upstream the
throat. A pressure probe has a diameter of 4mm and runs along centerline of the axis of the
channel. Fig. 4 shows the 3D computational model in which the width of the channel is 100mm.

W > Airfoil section Pressure probe
\

—r

180 mm —Inlet Outlet

Throat/L1 T

285.5 mm 126.5 mm 383.0 mm

Fig. 4: Dimensions of 3D computational Domain

The outlet of the 3D computational nozzle is truncated 120mm downstream the throat to avoid
potential flow instabilities downstream the nozzle.

4.3 2D Computational Nozzle

Fig. 5 shows the section of the 2D nozzle used in the computational domain. The nozzle is
truncated 210mm upstream and 120mm downstream of the nozzle throat. The critical height of

the throat (y*) is 60mm.
y* = 60mm (throat)
\_/_//

///‘_\

210.0 ' 120.0

Fig. 5: Dimensions of 2D Computational Domain
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The nozzle is shortened for two major purposes, first short nozzle geometry reduces the
computational domain and hence ultimately requires less computing power. Secondly, flow
becomes more and more unstable as we go downstream the throat and convergence is very
difficult to obtain.

5. Results
5.1 Comparison of 2D and 3D results

The influence of boundary layer near the pipe and the wall are significant. Also there is
possibility of 3D flow near to the pipe. The results obtained at location L. 01 in (Fig. 6) from 3D
simulation is used to compare with 2D simulated results. Fluid particles in the core flow are
assumed to experience the same pressure variation, but those particles passing close to the blade
surface suffer greater entropy production. This results in higher static temperatures than those
that pursue nearly isentropic paths through the central portions of the blade passages. Particles
which suffer high loss nucleate later in the turbine than those that experience little dissipation [7,
8]. In Fig. 7, the pressure and droplet distribution at different locations on the centerline of the
3D nozzle. There is negligible different in pressure distributions at the three different locations (L
00, L 01, L02) for higher inlet temperature (i.e. 112.2°C).
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Fig. 6: 3D result analysis Fig. 7: 3D results

The droplet diameter is widely dispersed at these locations. It can be seen that the droplet
formation and growth at the location near to the pipe (L 00) is highly influenced by the wall
friction. The frictional losses at walls results in rise of enthalpy and entropy causing the steam to
nucleate far downstream at L 00 and L 02 compared to core flow at L 01. Fig. 8 and fig. 9 shows
the pressure and droplet diameter distribution along the centerline of 2D and 3D nozzle. The
location of the Wilson’s point is located at the same location for both 2D and 3D results. Strength
of condensation is higher for 2D case compared to 3D. This is consistent with the fact that the
loss and dissipation in the 3D nozzle is higher than the 2D nozzle because of the pneumatic
mounts. Droplet diameter in 3D nozzle is larger than in the 2D nozzle. In 3D model the
nucleation rate is lower, and hence the total droplet number is lower. From Mollier chart the
wetness factor is governed by temperature and pressure. The droplet diameter is inversely
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proportional to droplet number given that wetness fraction is constant. In 2D model the droplet
number is higher than 3D, but the wetness fraction is similar in both models. This explains the
reason for having larger droplet sizes in 3D cases compared to 2D.
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Fig. 8: Pressure distribution Fig. 9: Droplet size distribution

Onset the nucleation process, the size of the initial droplets is 0.2 — 0.3 pm which then gradually
increases downstream the nozzle.

5.2 Validation

The nucleation model in Ansys CFX predicts the Wilson point far ahead of the experimental
result. Modified nucleation model with correction factor 'f' is used to fit the CFD with
experimental results. In order to fit the Wilson’s point different correction factor 'f' in the
Young’s model is used. With larger correction factor, the strength of nucleation and pressure rise
in region of condensation decreases.

Validation of CFX result for different ¥ oung's Nucleation Model at 112.2C

——=—— Barschdorff_Measurement P !
0.60 Young's Model f=1.00 . I e =
——&—— Young'sModel f=1.33 | b ]
Young's Model f=1.50 ’IA’. -
e 1
'y —{ 1E-07
055 ; 1
(k& . &/ N ;
&9 )V_,A-K»")*_‘ o -
3 5 1
050 i = -
L - E
e =
o —o &
. T
s N ] £
g o @ . &
i @ — L
- ] 2
“a ] E
040 B o = 2
& = 3 o
£ Aé,aA‘ﬁ';Ft:g\ 5 — -1E-07 g
> a 3 |
g
0.35 pee =
SRR ISR NSNS WU NN SN NN U W - S S i
ey
Sl
0.25
oo 04 08 12 18 20

Normalized Distance From Throat (xfy*)

Fig. 10: Validation of CFX result for different Young’s Nucleation Model at 112.2°C
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The correction factor of 1.33 is used for Moss and Stein Nozzle at inlet conditions of 0.358 bar
and 95.15°C [18]; and for Barschdorff nozzle of current work with inlet condition of 0.7839 bar
and 112.2°C the correction factor is 1.50. This marks a question in the consistency of correction

factor used in the nucleation models used.

5.3 Unsteady Results

At lower super-saturation, the flow filed becomes unstable, resulting in oscillation of the
nucleation zone. Fig. 12 shows the oscillation of pressure field, along the centreline of the 2D
Laval nozzle. The oscillation of the nucleation zone has been noted by Barschdorff [3, 4]. Also
the oscillation of pressure field for total inlet condition of 97.0°C and 0.7893 bar with supersonic
nozzle. The computed amplitude of oscillation of the pressure field is 18 mbar which is up to
2.3% of the total inlet pressure and frequency of oscillation is 400 - 500 Hz. Fig. 11 shows the
time history of the pressure field oscillation at the centreline and 40mm downstream the throat.
The number of iterations required for unsteady simulations in Ansys CFX 16 is very high (i.e. up
to 84,000 iterations).
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Fig. 11: Pressure field on centerline and 40mm Fig. 12: Unsteady pressure distribution along
downstream the throat centerline of 2D nozzle at different time interval

6. Conclusion

Convergence is not obtained for very fine meshes at lower total inlet temperatures (e. g. 120k
elements and 100.2°C total inlet temperature) with steady simulation. It is possibly due to the
ability of fine mesh to capture very small unsteadiness. Variation of Wilson pressure, Wilson
point location and maximum sub-cooling for 2D and 3D model is less than 2%. The deviation in
droplet diameter at outlet is up to 18% and in maximum nucleation rate is up to 54% between
two case simulations. Difference in 2D and 3D results for maximum nucleation rate is because of
the dissipation from airfoil section in 3D simulation. Nucleation zone predicted by Ansys CFX is
far upstream and stronger compared to the experimental one. Ansys CFX16 is not able to capture
the experimental location of nucleation zone. Maximum amplitude of unsteady pressure value at
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97.0°C and 0.7839 bar is about 1.8kPa (=18mbar i.e. about 2.3% of inlet pressure). This force of
unsteady condensation is harmful for blade's structural health. The correction factor 'f' in
nucleation model depends on boundary condition and nozzle geometry and hence is not a unique
value.
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