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ABSTRACT L latent heat (J/kg)
Results of numerical investigations of the wet steam flow I mean free path length (m)
in a three stage low pressure steam turbine test rig are m mass of a water molecule (kg)
presented. The test rig is a scale model of a modern steam m, cosinus of the contact angle (-)
turbine design and provides flow measurements over a range of Nu  Nusselt number-)
operating conditions which are used for detailed comparisons p static pressure (Pa)
with the numerical results. Oc condensation coefficient (-)
For the numerical analysis a modern CFD code with user r radius (m)
defined models for specific wet steam modelling is used. The R gas constant (=461.4 J/Q
effect of different theoretical models for nucleation and droplet S supersaturation (-)
growth are examined. It is shown that heterogeneous T temperature (K)
condensation is highly dependent on steam quality and, in this AT  subcooling (K)
model turbine with high quality steam, a homogeneous theory  x,, ratio of droplet radiusrfe / re:it)

appears to be the best choice. The homogeneous theory gives y
good agreement between the test rig traverse measurements andreek symbols

liquid mass fraction (-)

the _numerical results. The differgnces in the droplgt size a absolute flow angle (°)
distribution of the_ three stage turbine are shown for different a Young's [11] droplet growth parameter ()
loads and m(_)delllng assumptions. The different droplet growth a4 heat transfer coefficient (W/?)
mo_dels can mfIyence the droplet size by a factor of two. An y ratio of the specific heats of the vapour (-)
estimate of the influence of unsteady effects is made by means i thermal conductivity (W/Km)
of an unsteady two-dimensional simulation. The unsteady L ity
modelling leads to a shift of nucleation into the next blade row. ~ 4  dynamic viscosity (kg/rs)
For the investigated three stage turbine the influence due to P density (kg/m?)
wake chopping on the condensation process is weak but to ¢  planar surface tension (N/m)
confirm this conclusion further investigations are needed in ¢  Kantrowitz [16] non-isothermal correction (-)
complete three dimensions and on turbines with more stages. Subscripts
crit  critical condition

NOMENCLATURE d droplet

Cp specific heat at constant pressure (Kkg g gas (vapour)

J nucleation rate (1/rs) het  heterogeneous

K Boltzmann constant (=1.38aD* J/kg) ref  reference

Kn  Knudsen number (-) S saturated
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INTRODUCTION to determine the droplet formation and a droplet-growth model
Generally the last stages of low pressure steam turbinesmust be introduced. These additional models are linked to the
operate in a condensing wet steam flow. The problems associ-mass, momentum and energy conservation equations via source
ated with non-equilibrium condensation in the flow of low terms. In the present paper different models for these aspects
pressure steam turbines are efficiency reduction, droplet erosionare examined and the limitations in heterogeneous nucleation
and corrosion and have been a topic of research sincemodelling are discussed. Regarding the droplet growth model-
Stodola [1] in 1910. Turbine manufacturers are still strongly ling the method of Gyarmathy [3] is compared with the ex-
interested in modelling the effects of condensation on the flow tended model from Young [11], both of which are widely used.
field and the performance of the turbine, as this remains an area
where further improvements in efficiency or reliability can be NUMERICAL MODELLING
expected. Here there are two main effects. Firstly the condensa-  The commercial solver ANSYS CFX 12.1 was used in the
tion itself is a source of thermodynamic relaxation loss. Sec- present study. The real gas handling is based on the IAPWS-97
ondly, and perhaps more importantly, the condensation processstandard which includes the extrapolation into the metastable
changes the flow field and as this effect is usually not consid- steam region. The implemented non-equilibrium steam (NES)
ered in the blade profile design process, additional aerodynamicmodel accounts for subcooling and condensation effects. Earlier
losses are caused, see Starzmann [2]. published work [9], [2] from the same research group has
A comprehensive theory to describe the flow physics and already presented the capacity of the non-equilibrium CFD
the influence on turbine behaviour goes back to Gyarmathy [3] models used here. A special feature of the model is that the user
and Kirillov [4]. Their findings prepared the foundation for is able to define several liquid phases and allow each liquid
most research up to the present day. In the meantime, severaphase to nucleate for each of the simulation domains separately.
efforts have been undertaken to implement wet steam models inThis retains the information about where a certain droplet group
modern 2D or 3D CFD codes. A broad overview of the first appears and how this class of droplets grow during their
literature is given in Bakhtar [5] and in the many sources flight through the turbine. Four liquid phases (P) were used (see
referred to later in the current paper. The models differ in the Fig. 1), to model homogeneous nucleation and for hetero-
way the wetness equations are used in the conservationgeneous nucleation modelling an additional phase (P5) was
equations, that is if the wetness equations are solved in aintroduced. For example, in the first three blade rows homo-
Lagrangian or Eulerian frame of reference. Further attributes geneous nucleation is only allowed for the first liquid phase P1,
are whether the flow model takes viscous effects into account, downstream of the second stator S2 these droplets of the phase
if the wetness dispersion is treated in a mono- or polydispersedP1 are only allowed to grow in size. All newly formed droplets
(e.g. Gerber [6]) way, which is discussed by White [7], or if in the rotor R2 belong to the second liquid-phase P2 and these
unsteady effects can be represented. droplets are also only allowed to grow in the subsequent blade
In most cases the aim of earlier nhumerical studies was to rows.
enhance knowledge about the complicated physics in rapid Ea2
expanding and condensing flows and to improve the prospects s B
of flow modelling. More recently, the effect of non-equilibrium 4
condensation on the flow field has been investigated by E30/
comparing non-equilibrium and equilibrium three dimensional E21rE
CFD simulations (Wroblewski et al. [8], Gerber et al. [9]). E20 g4
Starzmann [2] presented a method to determine the thermo- inlet g

dynamic relaxation loss from a non-equilibrium solution and | o
S1R1|S2|[R2] | |S3 R3 7

Pa |

outlet

showed that this loss not only occurs in the stage where
nucleation takes place but also in the stages where the droplets I pzlleal]
are growing. This paper describes further development and )
validation of the models described by Gerber et al. [9], where a Fig. 1: Sketch of the investigated model steam turbine

more detailed description of the models can be found. For the present approach it was assumed that the droplets
_Inthe present study a three stage low pressure stéam try e moying with the vapour flow field. According to Gyarma-
bine tested_ in the turbine test rig at t_he Institute of Thermal thy [3] this slip can be neglected for small droplets below 1 pum.
Turbomachinery (ITSM) at the University of Stuttgart was in- the groplets which are formed by spontaneous condensation
vestigated. The test rig is a scale model with a factor of approx. 4re even smaller and coarse water formation was not considered
4 of a modern steam turbine design. Flow measurements havey his study. The comparison between the mechanical relaxa-
been done by Volker [10] over a range of operating conditions (o time (Moore [12]) of a droplet in the flow equates to 3.9 ps
which can be used for detailed comparisons with CFD results. to 8.1 pus (depending on the chosen streamline) and is much
Steady three dimensional and unsteady two dimensional gmajier than the 500 ps, which is the time the flow needs for
CFD calculations were performed. At least two additional mod- passing through the third rotor blade row R3. This shows
els are necessary compared to a standard RANS-solver t0gjearly that such small droplets accelerate up to the steam ve-
model non-equilibrium condensing flows; a nucleation model locity very fast and thus the slip can be neglected. A three di-
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mensional CFD calculation, in which additional momentum NUCLEATION MODEL

equations for the liquid phase are solved, but not reported here, In low pressure steam turbines water droplets are in gen-
confirmed the analytical findings above. Three different levels eral not formed at saturated conditions. To overcome the energy
of grid refinement (Tab. 1), all with similar O-grids around the barrier, generated due to the surface tension of newly built
blades were generated for which common quality requirementsdroplets, subcooled steam conditions are needed before a spon-
[13] were considered. The y+-values given in the table were taneous condensation brings the steam back to nearly equilib-
averaged over all wetted surfaces. The radial clearances befium conditions. The non-equilibrium condensation influences
tween the casing and rotor blades were considered in the gridthe flow field of steam turbines and induces a thermodynamic
generation and for turbulence modelling the SST-model was relaxation loss e.g. Starzmann [2] has shown.

used. For the steady flow simulations mixing planes are neces- For a pure steam without foreign nuclei a homogeneous
sary between the rotating and stationary parts of the turbine.nucleation takes place. The classical nucleation model de-
The last domain includes the last rotor R3 and the modelled scribed by McDonald [14] or Bakhtar et al. [15], is commonly
part of the diffusor (Fig. 1), and this ensures that the trailing used to describe this process, as follows

edge flow of R3 is not mixed out due to a mixing plane.

2 2
q 20 P 4ror
grid coarse medium fine J= 1+° 3 =2 [ex _BK—Tcm (1)
no. of elements [mio] 0.65 1.6 5.2 g\ py g
mean y+-values 17 10 5 In this equationg, is the condensation coefficient (generally

Tab. 1: Grid size and y+-values 0. = 1) andgequates to the non-isothermal correction by Kan-
For the grid study the classical homogeneous nucleation rowitz [16]. Further parameters are which signifies the mass

model given in eq. (1) and the original droplet growth model Of @ single water molecule aid which is the Boltzmann con-
from Gyarmathy as stated in the corresponding section wereStant. This model is used by many authors and in the present
used. The grid independency study was conducted for the de-Work it has been implemented as a user defined model in AN-
sign load case and the results are included in the related dia>YS CFX 12.1. The implementation in this way allows parame-
grams in Fig. 9 and Fig. 10. The circumferential averaged flow t€r studies based on different model assumptions and coeffi-
variables after the second rotor R2 in plane E30 shows neingi-C_'entS- (It is mter_estmg to no_te that this procedure also identi-
ble differences between the three grids, the same can be statefiéd an incorrect implementation in ANSYS CFX 12.1 and ear-
for the evaluation plane E32 downstream of the last rotor. For li€r versions). L »
the wetness related variables such as the wetness fraction and _FOr Steam containing impurities, heterogeneous conden-
the droplet diameter the differences are more pronounced butSation, i.e. a phase change on existing nuclei, can also have a
also small. In Fig. 2 the nucleation rate and the subcooling areconsiderable effect on the condensation process and the
shown along a mid-passage streamline through stator S2 atresultmg_ two-phase flow thrpughout the turbine. The section
approx. 50 % span. The nucleation and resulting rapid conden-below dlsgusses the mode_lhng procedures .fOI‘. heterogeneous
sation process takes place mainly in this blade row and aCtua||ycpndensat|on as the modelling strategy for this is less c_Iear and
in this sensitive flow region the grid resolution is sufficient. different models have been examined here. Considerable

The differences in the predicted power output of the three stagef€Séarch on heterogeneous nucleation was initialized by the
turbine is 1.2 % between the coarse and the medium grid and Electric Power Research Institute” EPRI at the end of the last

0.09 % between the medium and the fine grid. It can be con-century [17], [18]. Within this framework impurity concen-
cluded that for real grid independence a much finer grid is trations were measured in 21 power plant units and tests in

needed but the changes in the flow field are very small. All the nozzles and turbines were made to investigate the influence of
further results presented are obtained with the fine grid. different impurities and concentrations on the condensation

process. The nozzle tests of Petr and Kolovratnik, which are

22
— 1320 77777 coarse gg reported in [17], were made at expansion rates of 1000 1/s and
o oell— — — Hlneedium /\ 128 < 4500 1/s and the results show that the role of heterogeneous
% 10% i /\ 124 5 nucleation is more important for low expansion rates. But even
2 10 nucleation /1f - {20 o for low expansion rates the drpplet size decrgased only by
£ 107 Subsasing 43 i{\\\‘ 116 5 approx. 8 % for high concentrations of ammorlna..Due to the
% 10* 1 / V I 12 § injection of NaCl the Sauter averaged droplet size increased by
L 10 | g [ \'\\ 8 3 up to 15 % if using a high concentration of about 150 ppb.
2 10j —————— - i \\\ 14 However, a common limit of NaCl in the feedwater of steam

000 "0z o2 o6 o8 0 power plants is of about 5 ppb [19]. Similar small effects due to

Fig. 2: Nucleation and subcooling on a mid-passage streamline
in stator S2 at different levels of grid refinement.

streamwise location [-]

different concentrations of impurities have been observed in a
model steam turbine located in the Moscow Power Institute
[17]. Bakhtar could not find any influence on the measured
blade pressure profile in tests in a 2D cascade with injection of
ammonia [20]. Without doubt, heterogeneous nucleation can
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occur in low pressure steam turbines but its significance is consequence the subcooling at the outlet of the S2 domain
small and depends on having low expansion rates and pooremains higher than for purely homogeneous nucleation. This is
steam quality. shown along a mid-passage streamline at 50 % span in Fig. 3.
The modelling of heterogeneous nucleation is currently The resulting influence on wetness fraction, droplet diameter
unsatisfactory, as either the models are strongly simplified or and droplet humber is small, as the circumferential averaged
too complex to be used due to the lack of physical knowledge distributions in plane E21 shows, see Fig. 4.
of the behaviour of the impurities in the steam flow [21]. For For the influence of insoluble particles such as,S&O
example one open question relates to the solubility of NaCl or similar examination can be realized, see also Wroblewski et
NaOH near the saturation line under the fast changing flow al. [8]. For the present study droplets with the size of solid
conditions in a low pressure steam turbine [19]. Several particles are assumed as a boundary condition. It is assumed
researchers have concluded that if detailed knowledge about thehat condensation on the surface of existing particles is possible
process of heterogeneous nucleation is of interest, then furtheiif saturated conditions are reached. The energy barrier is
work is required [21], [22]. reduced due to the provided surface for condensation but not
For the investigated ITSM model turbine the steam is removed completely. That is why the assumption that
provided by the combined heat and power plant of the condensation occurs already at saturated conditions is strongly
University of Stuttgart. The water chemistry of the steam cycle simplified. According to the EPRI report [17] the mean size of
is controlled by ammonia to ensure a pH-value of 8.3 to 9.3 andsolid impurities was estimated at 0.1 um and therefore a
desalinated water is used. The conductivity of the feedwater isnumber of 18® nuclei exists at the saturation line. Similar
less than 0.1 pS/cm. Silicone oxide (8iGs an insoluble results as for the soluble substance NaCl are obtained here (see
substance and is the only known significant contamination in Fig. 3 and Fig. 4). For both cases it can be concluded that the
the steam with a concentration of approximately 10 mg/l. In the total mass fraction of the heterogeneous formed liquid phase is
present investigation different models were used to obtain antoo small to influence the flow field significantly. However, if
estimate about the occurrence and significance of hetero-the wetness dispersion is evaluated by a volume weighted
geneous nucleation in the turbine test rig. droplet spectrum the additional heterogeneous formed droplets
Despite the use of very pure water a certain NaCl are visible, as the diameter chart in Fig. 4 shows.
contamination is possible. According to Stastny [23] nucleation
on NaCl clusters already starts before reaching the saturation — 5 homageneous
line in the so-called salt solution zone, where NaCl becomes — &= NaCl:D=4nm,n,=2"kg"

. . — -&— - SiO,: DOlumne—lO kg
soluble in steam. Under these assumptions small droplets — - Fle' D=0 pum, nhzll‘lom kg™

persist at saturated conditions and the number of droplets 10% 132
depends on the concentration of NaCl. In this implementation nycleation B 52]]
of the Stastny model such droplets are given as a boundary 10% ¥ 1 24

condition and when saturated conditions are reached they are
allowed to grow in size. In the present study values of NacCl
concentration are obtained from Wroblewski et al. [8] and from
Petr and Kolovratnik [21]. For a concentration of 2 ppb, a
diameter of 4 nm (clusters of about 100 molecules) and thus
2:10" droplets per kg steam at the saturated conditions are
assumed. The results show that with this model the
condensation on existing particles cannot suppress homo-
geneous nucleation. The modelling leads to an extendedFig. 3: Nucleation and subcooling for various nucleation
homogeneous nucleation in the stator S2 because the maximum models in stator S2.

value of the homogeneous modelling cannot be reached. As a

subcooling
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Fig. 4: Homogeneous (P1) and heterogeneous (Bpmodelled wetness dispersion after the blade row with first condensation
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If the heterogeneous nucleation on insoluble surfaces is 12

modelled by the classical model of Fletcher [24] a notable 0: .

difference in the wetness dispersion was found. This model - L0 e

uses a nucleation rate definition, in which the energy barrier is 208 T

reduced based on a geometric relatiffme,X.e), Which 2 i \

. . o F \5\

accounts for the formation of a cap of water on the insoluble o 06~ ™

core. For the implementation the equations given by Gerber [6] @ 04 i R \7

were used, as follows g UL V,=5% = S

o 02 F M2=1.1

Aror?, 1 PP, = 2.34

Jpet = 1O AMT Ny, LEXY — ——— OF (Mg Xier) | @ oo b
3KT, 70.0 0.2 0.4 0.6 0.8 1.0

9 axial chord [-]

The contact angle between the liquid cap and the particle was Fig, 5: Predicted pressure profile for the Bakhtar cascade [26]
assumed to be 40Mg = cos 40°) and, means the relation ) ) ) ) .
between the radius,; andr. In this case the nucleation starts Used in the nucleation model given in eq. (2), and in the contact
earlier (Fig. 3) which leads to smaller droplets (Fig. 4) which angle between the liquid cap and the particle. Above all a
again leads to a more equilibrated steam flow. From the Validation of the process is completely missing in wet steam
physical point of view it is not comprehensible that such small flows. On the basis of this, and in agreement with the results of
droplets are meaningful where particles with about 0.1 pm still Petr and Kolovratnik [21] which also attest the insufficiency of
exist, on which condensation could occur. heterogeneous nucleation models, currently the classical homo-
Nucleation modelling with the Fletcher model also gives 9eneous nucleation theory must be regarded as the most
an influence on the flow field. Due to the lower energy barrier, @ppropriate model for condensing steam flows in low pressure
compared to the homogeneous theory, nucleation starts at loweteam turbines. This is especially valid for the scaled turbine
subcooling. Thus, effect on the flow field (such as changes in investigated here with high expansion rates between 8000 1/s
pressure or flow angle) is smaller than with homogenous nucle-and 12000 1/s in the Wilson zones, and steam of high quality.
tion and closer to an equilibrium model. The maximal differ-
ence between the calculation with the Fletcher model and the DROPLET GROWTH MODEL
other models can be found after nucleation in plane E21, where ~ Several droplet growth models exist with different com-
a difference in flow angle of 5° exists. The overall influence on Plexity. It is not the scope of the present paper to discuss the
performance was determined to be 0.01 %-points in efficiency complexity of the droplet growth in detail, for which the work
and can be neglected. of Lamanna [27] can be referred to. From Lamanna it can be
A further aspect which should be considered is that it must concluded that simple models are able to predict the droplet
be expected that the test cases which are available to validat@rowth with sufficient precision. Above all, if the accuracy of
the homogeneous model also operate with steam of differentdroplet size measurements is taken into account. The most es-
purity. Unfortunately in most test cases nothing is reported tablished models for droplet growth in wet steam flows are the
about the steam quality. In addition to the earlier work of original model from Gyarmathy [3] and an extended model
Young [11], the most valuable work regarding the validation of from Young [11]. Both models are well-known and easy to im-
the homogeneous nucleation model comes from Wroblewski et Plement in CFD codes. One objective of this paper is to com-
al. [25] in which extensive calculations of most existing test Pare these models by means of the flow conditions in the low
cases are published. In this work it is concluded that the uncer-pressure steam turbine investigated here.

tainty of measurement data makes a validation of the models ~ The droplet growth process mainly depends on the heat
difficult a change of 1 K in inlet conditions can already has a transfer between the droplet and the steam. This is also the rea-

significant influence on the nucleation process. son why it can be expected that condensation on solid surfaces

An example of validation of the classical homogeneous (such as the casing and blades) is of minor importance. The
model used here is given in Fig. 5. This diagram shows the cal-heat transport potential is simply not high enough, because on
culated pressure distribution of the Bakhtar rotor cascade [26]©one hand the casing of the turbine is not cooled from the exte-
with an outlet wetness of 5 % and a pressure ratio of 2.34. Thefior and on the other hand the solid surfaces are even heated
location of the pressure hump at an axial chord of 0.4 (related due to the friction in the boundary layer.
to the condensation) agrees well with the experiments and sug-  The origin for each droplet growth model is the energy
gests that the model predicts the condensation correctly. balance around a single droplet. Assuming that the droplet has a

At this point it is worthwhile focussing on the results with  perfect spherical shape and that the internal droplet heat trans-
regard to the droplet formation models. The comparison be- fer can be neglected compared to the heat transfer across the
tween the different heterogeneous models demonstrates that théroplet surface, the following equation can be derived, [28].
application of heterogeneous theories in turbine flows is poorly dr
conceived. The modelling process lacks clarity, with regard to Loy Pty T, -Ty) (3)
size and number of particles, as well as the condensation factor
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This shows that the droplet growth rate depends on the latentimplemented by user expressions in ANSYS CFX. The default
heatl, the density of the droplet, the temperature difference  CFX implementation uses the original Gyarmathy model,
between the surface of the droplet and the gaseous steam andhich was first rebuilt by a user defined implementation to
the heat transfer coefficient. According to Gyarmathy [3] the ~ check consistence.

droplet surface temperature for small droplets (< 1 um) can be  The differences between the models are shown by calcula-

calculated by the subcooling and the critical radius. tion of a condensing flow through different nozzles tested by
Moore [31]. It was found that the quality of the results depends

T-T,= (Ts(p)—Tg)(l—Q”‘j (4) strongly on the grid solution and for the droplet diameter up to
r a size of 60,000 elements no grid independency can be ob-

tained. Furthermore, the results are obtained without any cali-
bration e.g. a temperature fit as done by Gerber [6], which in-
fluence the results considerably. Tab. 2 shows the agreement
between the predicted and the measured droplet sizes at the

If the Nusselt number (Nug2r/Ag) is introduced and the
temperature difference between the droplet surface and the va
pour is replaced by eq. (4) the following equation is obtained.

outlet of the investigated nozzle.
Lp, O - Nuld, (L(p)—Tg)tEl—r““j 5) ’
dt 2r r droplet
o diameter [uum] Exp.[31]| Gy. | Younga=0 | Younga=9
The heat transfer coefficient resp. the Nusselt number

depends on the local flow conditions and the flow regime. The nozzle A 0.050 | 0.026 0.025 0.036
molecular clusters formed during nucleation and also the nozzle B 0.100 | 0.070 0.068 0.077
spontaneous formed droplets are of comparable magnitude to nozzle C 0.150 | 0.065 0.057 0.132
the mean free path lengthof the steam (typical values are in nozzle D 0.140 | 0103  0.090 0.210
the orderr =10°% m). This leads to Knudsen numbéi&n = [/ Tab. 2: Droplet size prediction for the Moore nozzles [31]

2r) in the range of 1 and higher, therefore a flow regime The droplet size predicted with the original Gyarmathy model

between a continuum ﬂ(.)W and a free mole_cular flow exits. (Gy.) is somewhat too low. This result agrees with the compre-
Gyarmathy [3] solved this problem by a universal equation, pengive work of Wroblewski et al. [25], where the original
which can be used in this transition regime and thus OVer a Gy armathy model is used and the results shows that the droplet
wide range of Knudsen numbers given by size is predicted to be smaller when compared to the experi-
2 ©6) mental data given in the literature for low pressures. This short-
1+cKn coming of the Gyarmathy model, which underpredicts the drop-
let growth rate in the region of small Knudsen number (free
' molecular regime), is attributed by Lamanna [27] to an inaccu-
derived to have a value of 3.18. Although Young [11] has racy in the droplet temperature estimation. This should be im-
subsequently derived a value of 3.98 for the constatite proved by the Young model. Note that the determination of the

original model of Gyarmathy is still widely used, e.g. by ean free path lengihin CFX 12.1 is given by
Wroblewski et al. [8] or Stastny [29].

In the original model from Gyarmathy [3] the constaris

Young presented in [11] an extended model based on the [RT _ [RT
formulation of Gyarmathy, by the following two equations. | crx :3\/%-[ M gy = 15&/4179 9)
p p
2

Y This differs slightly from the formula which is used by Gyar-

mathy [3] but tests have shown that the influence is small.
The calculations of the three stage model steam turbine
Y= R'I's(p)(a_ 05-2"0 [V+1j( Cst(p)H (8) with different droplet models are performed using the
L 2q 2y L homogeneous nucleation theory and for the design load case for

u=
#+ 378(1-v)Kn/Pr

) ~which nucleation is predicted at 50 % span in stator S2 (Fig. 6).
The factor (1¥) was introduced to get a better agreement with For the original Gyarmathy model and the Young model with
steam nozzles experiments for low Wilson zone pressures. The, - o the initial droplet diameter rises in S2 to a value of
Prandtl number is calculated by Rgs,/As, whereasi is the 0.1 um in plane E21. The higher droplet growth rate in the free
dynamic viscosity of the steam. The coefficientn eq. (8) is molecular regime for the Young model with= 9 leads to a

an empirical constant and for the present investigation a valuegq o higher droplet diameter compared to the Gyarmathy
of zero (White and Young [30]) and a value of 9 (Young [11]) is model. The circumferentially averaged droplet sizes at a
used. More physical details about this model are given by channel height of 50 % are shown in Tab. 3. At the stage outlet
Young in [11]. plane E32 there is a 54 % difference between the Young model

_ Finally, the combination of equations (5) and (6) builds the (4 = 9) and the Gyarmathy droplet model. The distribution of
original Gyarmathy model (Gy.) and equations (5), (7) and (8) the diameter over the span height is shown in Fig. 7 and Fig. 8
give the droplet growth model of Young. Both models were i, the context of the following section.
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) Droplet diameter [um]
Location
Gyarmathy | Young («=0) | Young (a=9)
E21 (50 % span) 0.105 0.096 0.159
E30 (50 % span) 0.112 0.104 0.176
E32 (50 % span) 0.158 0.146 0.244

Tab. 3: Predicted droplet sizes for the ITSM steam turbine

In summary, the influence of the different droplet growth
models on the overall wetness generation and thus on the
thermodynamic relaxation of the steam flow is small and only
of local importance. The simulation with
Gyarmathy model leads to a wetness of 1.1 % whereas with the
Young model &=9) a wetness of 1.36 % is reached in plane
E21 at 50 % span. This leads to a difference in subcooling
between the calculations of 3 K, which is not enough to cause a
noticeable difference on the pressure or the flow angle

distribution between the droplet growth models.

FLOW FIELD OF THE THREE STAGE TURBINE

The results of the previous section have shown that the
classical homogenous condensation model is superior to
heterogeneous condensation models and that the differences in
the droplet growth models are too weak to influence the flow

field significantly. For this reason, the results discussed below I RN .

were obtained with the homogeneous nucleation model and the 100 L L L
- ; . 0.0 0.4 0 1.2 1.6 2.0

original droplet growth of Gyarmathy, expect for diagrams with 10%

a special legend.

The first part of this section shows how the position of the
Wilson zone varies for different load cases. Depending on the
load case the nucleation is shifted between the stator S2 and the
rotor R2 of the second stage for the turbine investigated here.
Because of the radial pressure distribution which gives a lower
pressure close to the hub the nucleation starts earliest in the hub
region and later towards the casing. The nucleation rates for
three different loads at the selected blade heights at 10 %, 50 %
and 90 % span are shown in Fig. 6. For the part load case a
significant part of nucleation takes place in rotor R2. For the
design load case nucleation takes place almost over the whole

the original

further nucleation in the third stage could not be predicted.
Even in flow region with high expansion rates, condensation on
existing droplets holds the subcooling level at moderate values.
The initial droplet size depends on the expansion rate
during the nucleation process. In the part load case the droplets
which nucleate in the stator (containing to phase P1) are bigger
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Fig. 6: Homogeneous nucleation along mid-streamlines in
stator S2 and rotor R2

blade height of the stator, except from a span height of 90 % up
to the shroud as Fig. 6 shows. Near the shroud the nucleation is

shifted into the rotor.

For the over load case the whole

nucleation process takes place in the stator. Any significant

part load
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Fig. 7: Droplet diameter in plane E30 for different loads and droplet models
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Fig. 8: Droplet diameter in plane E32 for different loads and droplet models

than in the other load cases as can be seen in Fig. 7 by means of The non-equilibrium phase change influences the flow
the circumferential averaged droplet diameter in plane E3O0 field of the first and the second stage of the steam turbine, as
after the rotor. For this part load case the nucleation starts morewas already pointed out by a comparison between equilibrium
downstream of the stator and thus the droplet formation is and non-equilibrium simulations for the present turbine
extended in the unbladed space between stator and rotor withgeometry in Starzmann [2]. The available flow field measure-
low expansion rates. The droplets formed in the rotor R2 are ments in the last stage can be used to validate the CFD-
represented by the second liquid phase (P2) in the CFD solutionsolution. In Fig. 9 and Fig. 10 the pressures and the absolute
and are much smaller. The growth of the droplets is weak, as isflow angles obtained from experiments and CFD-simulations
shown by the distributions of the droplet diameter in plane E32, are compared. The traverse measurements are conducted with

after the third stage of the turbine, in Fig. 8. pneumatic four-hole probes; in addition static wall pressure
part load design load over load
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Fig. 9: Predicted and measured flow variables in plane E30 for different loads
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Fig. 10: Predicted and measured flow variables in plane E32 for different loads

measurements are available which represent circumferentiallypressure at the outlet the asymmetric effect is considerable.
averaged data. The agreement between the measurement aridowever with respect to the circumferentially averaged wall
the simulation in plane E30 as well as in plane E31, which is pressure taps a better agreement can be achieved. Regarding the
not shown here, is satisfactory for all three load cases. Thedescribed conditions in plane E32 the matching of the predicted
existing deviations in the flow angle for the hub region of E30 and the measured flow angles is good. The discrepancy
can possibly be attributed to the leakage flow through the between experiment and simulation of the turbine power output
cavity related to the following stator S3 which is not modelled is less than 5 % for all of the three load conditions examined.

in the simulations. Also it might be possible that the probe leads

to a significant blockage of the flow in this nharrow channel near UNSTEADY RESULTS

the hub, as discussed in Volker[10]. The flow field The flow field in a turbine and thus the condensation is in-
downstream of the last rotor (plane E32) is already influenced fluenced by the unsteady rotor-stator interaction. The tempera-
by the asymmetric flow in the radial-axial diffusor. The strong ture and pressure fluctuations due to wake chopping were ex-
deviation of the flow and the blocking due to the exhaust hood amined by Gyarmathy and Sprengler [32]. Examinations based
leads to higher pressures in the upper part of the diffusor whereon their results have shown that from these fluctuations a more
the probe measurements were made. This effect cannot bepolydispersed droplet size distribution can be expected [22].
modelled by the present numerical analysis, because the modeThere are a few further investigations on wake chopping which
only considers one single blade pitch with a shortened diffusor are summarized by Bakhtar and Heaton in [22].

(Fig. 1) and hence it is assumed that the flow is completely In the present study a 2D unsteady simulation for the de-
axis-symmetric. Due to this simplified modelling the predicted sign load case of the three stage turbine was performed as a
pressures levels are too low compared to the traversefirst study of these effects with the computational models used
measurements from the upper part of the diffusor. Especially here. Two meridional streamlines (at 49 % and 51 % span) from
for the over load case with high mass flows and high dynamic the 3D solution provide the upper and lower boundary of the

9 Copyright © 2011 by ASME



streamtube used for the 2D simulation. A free slip cond
was used as a boundary condition ondtlges of this strm-

tube. In contrast to the steady 2D and 3D results using a n
plane interface, a sliding interface (transient I-stator) was
used for the unsteady 2D simulatid®ircumferential perioic-

ity was assumed which requires a calcutatid multiple nim-

bers of blade pitches to ensure the same pitch is modell¢
each blade row. Each single blade pitch was resolved by
to 7500 elements depending on the blade row and 11lle-

ments were used for the last rotor combined with the ened
diffuser. This results in an overall grid size of 430k elem
This grid resolution izomparable with the medium grid frc
the threedimensional steady calculation. To reach a solt
which is independent of theanestep a very small time disci-

sation was necessaf¥600 steps for one pitch transition). A
approximately eight pitch transitions have to be simulate
reach a converged oscillation solution for the wetness vari:
Due to both facts the simulation has taken afimately 40
days with a cluster of 30 CPUsr this 2D simulatio.

The influence of the leakage flow and the secondary
cannot be modelled in the 2D simulation. Due to these e
the expansion characteristic is changed. Above all at a
height of 50%, the steady 2D simulation cannot be comp
directly with the steady 3D result which includes these effe
In the steady 2D simulation the main nucleation occurs sli
further downstream in the second stator S2 than in3D
steady simulation.

Because of the differences between the 2D and 3D a-
tion, the unsteady 2D calculation with transient rotor interac
is compared with the steady 2D simulation with mixing pla
The unsteady modelling leads to a shift of nucleafrom the
stator S2, where nucleation takes place for steady simul
into the downstream rotor RZhe nucleation rate of then-
steady simulation is shown for one pitch alternatioFig. 11.
Due to the higher expansiontea in the rotor the drople
formed in the rotor in the unsteady case are approximatel
the size of the droplets formed in the stator in the steacu-
lation. This changed wetness dispersion has only a local
on the flow field of the second stage.

Unsteady modeling includes the effect of wake chopy
which leads to pressure and temperature fluctuations ant
unsteadiness in itself should algdluence the condensatic
process. In Fig. 1#he time dependent pressures and tea-
tures are shown for different monitor points in the second ¢
where nucleation takes place. In the diagrams the time pos
given by the marked (dots) attee points where the pictures
Fig. 11 are extracted. The temperature fluctuation show
Fig. 12 reaches K, which appears low compared to estims
by Gyarmathy and Sprengler [32%erhaps because there
only one upstream stage. As can be expected, these fluctt
result in an oscillation of the nucleation zone which in princ
can be seen in the pictures of Fig. ftlis considered that tt
temperature fluctuation causes only a weak oscillation o
nucleation zone because in this case nucleation ocn the
rotor under very high expansion rates.

Nucleation Rate

. 1.0e+24

1.0e+22

- 1.0e+20

1.0e+18

1.0e+16

‘ [ 1.0e+14

1.0e+12

I 1.0e+10

1.0e+08

I 1.0e+06

1.0e+04
[mA-3 s7-1]

23

Fig. 11: Nucleation ratior the seady and unsteady 2D
simulation in S2 and R2

S2 outlet
—_— o B
= I R V- SE e NP
e =0 =1
s o == MBI T T T T o
e N T -
L L L L 1 L L L L 1 L L
L. LT .7~ [S2 outlet
P N , ~
(I: u St M2- : == ==
— X L =2 ==
ﬁ —
]
5 M1
®
3]
Q . B —
5 N T
4.0x10* 5.0x10* 6.0x10™
time [s]

Fig. 12:Time dependent pressure g¢emperature distributions
on monitor points in S2

It can be argued that the temperature fluctuations wot
much higher if a turbine with more stages is considered. Ir
for several stages upstream, the fluctuationuld be high
enough such that the nucleation front oscillates betwee
blade section and the space between the blades. This
lead to a completely different droplet spectrum, as the ven
expansion rates between the blades would result in dr

10 Copyright © 2011 by ASME



which are one order of magnitude larger than those formed tion process is higher in turbines with more than three stages
within the blade passages. and thus investigations are needed on such turbines. In general
Further investigations of these unsteady effects are clearlyit is important for the investigation of condensing flows to be
merited, perhaps also with other codes. Firstly it is necessary toable to correctly localize the nucleation site, as the droplet size
confirm the predicted strong shift in position of nucleation be- strongly depends on the supersaturation and thus on the expan-
tween a modelling with mixing planes and an unsteady simula- sion rate. This cannot be reliably attained by a 2D simulation so

tion. Secondly the unexpected small temperature oscillation that further investigations should be fully three-dimensional

needs to be understood.
Future investigations should be realized in three dimen-

and unsteady, if possible.
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CONCLUSIONS

The calculation of non-equilibrium condensation in rapidly
i - - [1]

expanding wet steam flows with the focus on the flow in low

pressure steam turbines has been examined. There are three

main conclusions from the work. [2]

Firstly, a classical homogeneous nucleation model and
simple heterogeneous nucleation models were implemented in
the solver. From the comparison of these results, and with the
help of a critical review of the findings in literature, it is con-
cluded that there are certain open questions related to the mod-
elling of heterogeneous nucleation modelling. In general, how- 31
ever, the steam purity is sufficiently high that heterogeneous
nucleation does not play a major role. If for other situations a
detailed knowledge about the process of heterogeneous nucleap]
tion is of interest much further work is required. Even for these
cases the homogeneous theory may still be the best choice, es-
pecially because the results which are obtained with the homo-
geneous model are satisfactory from the engineering point of
view. For the homogenous theory, and especially for the droplet [5]
growth model, further accurate and reliable measured test cases
are desirable because, as learnt from [25], nucleation and sub-
sequent condensation is very sensitive to boundary conditions.

Secondly, the complex effects of non-equilibrium conden-
sation on the flow field of a three stage low pressure model [g]
steam turbine were numerically investigated using a commer-
cial CFD code. The agreement of the numerical results with the
flow measurement is quite good, and with regard to the flow
field the numerical modelling of the wet steam flow could be
successfully validated. Further work is required to validate the (7]
predictions of the droplet sizes.

Thirdly, a time consuming 2D unsteady simulation with
transient rotor-stator interaction of the three stage turbine showsjg]
that the position of the main nucleation is shifted into the fol-
lowing blade row compared to steady modelling with mixing
planes. The nucleation zone is slightly oscillating due to the
inherent unsteadiness of turbine flow. It can be expected that
the influence due to temperature fluctuations on the condensa-
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