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A theoretical analysis of the wet-steam flow in the low pressure cylinder of a 
500 MW steam turbine using a blade-to-blade time-marching computer program 
is described. The calculating method can compute most types of wet-steam flow 
found in LP turbines, including those involving both primary and secondary 
nucleations in transonic and supersonic blading with shock waves. In particular, 
condensing flows in highly staggered rotor tip sections can be computed without 
difficulty. Extensive results are presented showing the effect of departures from 
thermal equilibrium on the blade surface pressure and velocity distributions, the 
blade outlet relative f low angle, the mass flow coefficient and the thermodynamic 
loss coefficient. On the basis of the analysis, recommendations are made 
concerning the application of nonequilibrium wet-steam theory to steam turbine 
design. 
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Most steam turbines built for large scale electricity 
generation operate with several stages in the two-phase, 
wet-steam region. In those turbines associated with fossil 
fuelled power stations or gas cooled nuclear reactors, the 
wetness is confined to the last few stages of the low 
pressure cylinder; but in turbines operating with water 
cooled reactors, the steam in the high pressure cylinder is 
also wet. 

From the standpoint of the turbine designer, the 
effects of wetness are twofold. First, turbine stages passing 
wet steam incur a loss over and above that associated with 
their dry steam operation. Second, there is the probability 
of blade erosion (and possible failure) due to the continual 
bombardment of the blades by the water droplets. 

The magnitude of the wetness loss is still a matter 
for conjecture, although it is known that it can achieve an 
importance in the final stage of a low pressure turbine 
comparable to that of the profile and secondary losses 
combined. Furthermore, measurements in high pressure 
turbines 1 have indicated that it can play an even more 
dominating role in nuclear sets. However, despite the 
fundamental nature of the wetness loss, most turbine 
manufacturers still employ unchanged the Baumann 
empirical correlation z and have made little attempt to 
grapple with a problem which research has, admittedly, 
shown to be extremely complex. 

Wetness and nonequilibrium effects in steam 
turbines can conveniently be subdivided into two cate- 
gories. Category one comprises those effects which might 
be termed direct wetness losses, ie those phenomena which 
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are responsible for the production of entropy as a direct 
consequence of the presence of water. According to 
Gyarmathy 3, these include the thermodynamic loss, 
droplet drag loss, deposition loss, braking and centri- 
fuging losses, etc. Category two, on the other hand, is 
involved with the indirect effects of wetness. These are 
aerodynamic in origin, but are brought about by changes 
in the flow distribution due directly to departures of the 
wet steam from thermal and inertial equilibrium. Cate- 
gory two effects do not necessarily result in reduced 
turbine efficiency and, indeed, it is possible that 
departures from equilibrium might result in improved 
performance of the blading. 

In order to quantify the effects of thermal non- 
equilibrium on the flow distribution in turbines, a number 
of computational methods have recently appeared in the 
literature dealing specifically with the application of wet- 
steam theory to the calculation of flows in turbo- 
machinery: in particular, a throughflow calculation 
method based on the streamline curvature technique 4'5, 
and the calculation of blade-to-blade flows by time- 
marching methods 6 8. 

This paper also deals with nonequilibrium flows in 
the blade-to-blade plane. The basic solution technique 
has already been described in a previous publication 9, but 
the computer program has now been extended and is 
capable of computing most types of flows found in wet- 
steam turbines, including those involving secondary 
nucleation. A large number of calculations have been 
performed on a variety of radically different blade profiles 
from the low pressure cylinder of a 500 MW turbine- 
generator set. In the light of these results, it is possible to 
make a valid assessment of the potential improvements 
accruing from nonequilibrium rather than equilibrium 
design methods. 
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Theory and computational method 
The results presented below were computed using a 
technique devised by the authors for calculating steady, 
inviscid, two-dimensional, nonequilibrium, wet-steam 
flows in turbine cascades. The solution method is fully 
described in Ref 9 and will not be repeated here. The 
following is just a brief outline of the procedure. 

The basic conservation equations of continuity, 
momentum and energy for a two-phase flow of wet steam 
are solved in conjunction with the nucleation and droplet 
growth equations by a time-marching method modelled 
on the single-phase technique of Denton 10. The equations 
are discretized on a computational grid of non- 
overlapping trapeziums formed by the intersection of 
straight quasi-orthogonals (in the circumferential 
direction) and curved quasi-streamlines (in the streamwise 
direction). With the assumption of zero interphase 
velocity slip between droplets and vapour, the continuity 
and momentum equations are identical to those for 
single-phase flow and their treatment parallels exactly the 
method described in Ref 10. In particular, the same 
techniques are used to ensure numerical stability. When 
dealing with the nucleation and droplet growth processes, 
however, a novel procedure is employed whereby these 
equations are combined with the energy equation, result- 
ing in expressions for the changes in supercooling and 
wetness fraction along true (as opposed to quasi-) stream- 
lines. By using an analytically integrated version of the 
supercooling equation, the intrinsic mathematical 
stiffness of the governing equations is removed and 
computational stability and efficiency greatly improved. 

Because of the assumption of zero interphase 
velocity slip (ie complete inertial equilibrium), the com- 
puter program can only furnish information on 
departures from thermal equilibrium. Despite this restric- 
tion, the calculations presented below prove it to be very 
versatile and capable of computing most types of two- 
dimensional steam flow found in turbines. In particular it 
can deal with both primary and secondary nucleations, 
together with non-nucleating flows where the steam is 
already wet at cascade inlet. 

In calculating the nucleation and droplet growth 
rates, 'classical' theories have been adopted as described 
in Ref. 9. It has also been assumed that, for calculation 
purposes, the nucleation process can be characterized by a 
single, average droplet radius representing the complete 
spectrum of droplet sizes. This approximation is 
commonplace in wet-steam work and leads to large 
reductions in cpu requirements. It is justifiable because 

the results of the calculations agree closely with those of 
more elaborate procedures and also with experimental 
data. Indeed, results computed by the authors' program 
have been compared with the available experimental 
measurements on condensation 'shocks' in converging- 
diverging nozzles, and good agreement was obtained over 
a wide range of conditions 9. It should be noted, however, 
that implicit in the calculation procedure for nucleation is 
the assumption that condensate nuclei form in laminar 
steady flow. Although this is a good approximation for 
nucleation in laboratory nozzles, it is now thought that 
high levels of turbulence in the blade wakes and even in 
the mainstream may cause a change in the characteristics 
of nucleation in turbines. No attempt has been made to 
include these effects in the present calculations as the 
underlying physical phenomena are not yet fully 
understood. 

One drawback of the time-marching solution 
procedure as presently implemented is the necessity of 
adding a 'fluid cusp' to the leading edge of the blade in 
order to prevent numerical flow reversal in the vicinity of 
the stagnation point. This is a common remedy for a 
difficult problem associated with many time-marching 
methods, but is thought to affect the solution only locally. 
On the credit side is the undoubtedly beneficial effect in 
minimizing losses in total pressure due to numerical 
inaccuracy in a region where the velocity gradients are 
very high. 

The computation efficiency of the method is 
excellent in comparison with most wet-steam calculation 
procedures and has been further enhanced by a 'multigrid' 
technique almost identical to that described in Ref 10. A 
typical solution on a 60x 10grid takes about four 
minutes on an IBM 3081, which is approximately double 
the requirement for an equivalent single-phase super- 
heated solution. 

Cascade performance parameters 
Two-dimensional nonequilibrium calculations can sumply 
information on a number of different aspects of blade 
performance, including: 

(1) blade surface pressure and velocity distributions; 
(2) blade outlet flow velocities and angles; 
(3) circumferential variation of flow properties at 

cascade outlet; 
(4) the mass flow coefficient, ~b; 
(5) the thermodynamic loss coefficient, iv; 
(6) the average droplet radius formed as a result of 

Notation 
cp Isobaric specific heat capacity 
h Specific enthalpy 
p Pressure 
R Specific gas constant 
r Droplet radius 
s Specific entropy 
T Temperature 
V Velocity 
y Wetness fraction 
fl Relative flow angle 
AT Supercooling 

Mass flow coefficient 
IT Thermodynamic loss coefficient 
p Density 

Subscripts 

e Equilibrium 
ex Blade exit 
g Vapour phase 
1 Liquid phase 
ne Nonequilibrium 
o Inlet stagnation condition 
s Saturation condition 
T Thermodynamic 
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nucleation within the blade passage; 
(7) the deviation of the wetness fraction from its equi- 

librium value at any point in the flowfield. 

The blade surface pressure distribution is of obvious 
importance to the turbine designer. Not only does it 
confirm that the desired stage loading is attainable, but it 
also furnishes information concerning boundary layer 
development and possible separation. Due to the lack of 
experimental data on blade surface pressure distributions 
in condensing flows, all the nonequilibrium calculations 
presented below are compared with calculations 
assuming equilibrium flow across the same pressure ratio. 
The latter were carried out using an identical equation of 
state for the vapour phase. This type of comparison is very 
instructive as it gives the designer an immediate appre- 
ciation of the possible advantages, if any, of undertaking a 
blade design using nonequilibrium methods. 

The importance of information concerning blade 
exit flow velocities and angles is self-evident as the flow 
incidence onto the following blade row can be crucial in 
ensuring good performance, especially for final stage 
rotor tip sections. Circumferential variations in exit flow 
properties are also of interest when justifying axisym- 
metric throughflow calculations. 

The tendency of a cascade to pass a higher mass 
flowrate with increasing departure from thermal equi- 
librium is well known and the mass flow coefficient ~ is 
defined by 

actual mass flowrate 
4b- (1) 

equilibrium mass flowrate 

where the equilibrium mass flowrate is that calculated by 
assuming the steam to expand in thermodynamic equi- 
librium across the same pressure ratio. As shown below, 
the mass flow coefficient is a strong function of droplet 
radius and wetness fraction. 

In a real LP turbine the mass flowrate is, of course, 
constant throughout the machine (in the absence of bleed 
flows) and is effectively fixed by the first stage where the 
steam is invariably superheated. Departures from equi- 
librium therefore manifest themselves as variations in the 
pressure distribution throughout the turbine and these 
can only be estimated satisfactorily using a nonequi- 
librium throughflow procedure such as that described in 
Refs 4 and 5. Even without such sophistication, however, 
mass flow coefficients are a valuable indication of the 
likely changes in pressure level throughout the machine 
and can even be incorporated into standard equilibrium 
throughflow programs as pseudo-nonequilibrium 
correction factors. 

The thermodynamic wetness loss is a direct conse- 
quence of the irreversible heat and mass transfer which 
accompanies the phase change during condensation. This 
can be calculated by the procedure described in Ref 9 and 
the thermodynamic loss coefficient ~T for the blade row is 
defined by 

~T=T s AST 
- 

where AsT is the thermodynamic entropy increase across 
the blade row and Ts and V¢, are the saturation tempera- 
ture and relative flow velocity at blade exit respectively. 
All quantities are mass-averaged across the pitch. 

The thermodynamic wetness loss is only one 
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component of the overall wetness loss, but the other 
components cannot be calculated from the type of blade- 
to-blade analysis described here. However, they are 
known to be strong functions of the prevailing fog droplet 
size, a parameter which emerges directly from the 
nucleation calculations. The mean fog droplet radius is 
also of interest because it plays a major role in controlling 
the magnitude of departures from equilibrium in 
succeeding blade rows. 

Order of magnitude calculations 

Before discussing the full two-dimensional cascade 
solutions, it is instructive to consider some simple order of 
magnitude calculations which give considerable insight 
into the possible effects of departures from equilibrium. 
Consider, therefore, two expansions from a state of 
thermodynamic equilibrium of stagnation pressure Pc, 
enthalpy ho and entropy So to a static pressure p. In the first 
expansion imagine the flow to remain throughout in 
complete thermodynamic equilibrium and denote the 
flow velocity and temperature at the end of the expansion 
by V e and Ts respectively. Ts is, of course, the saturation 
temperature corresponding to the pressure p. In the 
second expansion, the flow, although remaining in inertial 
equilibrium (zero interphase velocity slip), is supposed to 
be completely frozen thermally, meaning that no phase 
change occurs. In this case let the exit velocity be V and 
the exit supercooling of the vapour phase be AT. In both 
cases the overall entropy remains constant and, as shown 
in the Appendix, to a very good approximation, 

1 ~ jL -~ f  ~ j (3) 

where y is the exit wetness fraction in the nonequilibrium 
expansion and cp is the isobaric specific heat capacity of 
the vapour phase. 

In low pressure expansions, the supercooling is 
unlikely to rise above 35°C without triggering a strong 
nucleation, either primary or secondary. Considering an 
expansion to a flow velocity approximately equal to the 
sonic velocity, Eq (3) shows that the difference between V 
and Ve is unlikely to exceed 2%. Entropy increases 
brought about by real condensation effects will change 
this estimate slightly, but the order of magnitude remains 
the same. The conclusion is, therefore, that, unless the 
pressure distribution in a cascade is radically affected by 
nonequilibrium effects, the flow velocities will remain 
almost unchanged. 

The Appendix also shows that the relationship 
between the steam densities at the end of the two 
hypothetical expansions is given, to a first approximation, 
by 

ATE1 -cpTsl 
P<. P~ = 1 + ~ -  L ~ h f ~  j (4) 

where hfg is the enthalpy of evaporation. Inserting typical 
values, it can be seen that the difference between p and pc is 
unlikely to exceed 8%. Density changes due to nonequi- 
librium effects, although greater than velocity changes, 
are still unlikely to produce radical variations in the flow 
distribution. 

The p V product, which obviously has a direct 
influence on the mass flow coefficient via the continuity 
equation, may vary by up to 10% from the equilibrium 
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value. Should the mass flowrate rather than the pressure 
ratio be fixed, similar variations in pressure level might be 
expected. These depend strongly on Mach number, 
however, the pressure being notoriously sensitive to small 
changes in mass flowrate in the transonic regime. 

Variations in exit flow angle are induced by 
thermal relaxation downstream of the cascade trailing 
edge as shown in Fig 1. These are quite different from, and 
should not be confused with, the deflection of a supersonic 
stream issuing from a blade passage and turning in the 
Prandtl-Meyer expansion fan centred on the trailing 
edge. Jet deflections caused by thermal relaxation occur 
both in subsonic and supersonic flow and can be esti- 
mated as follows. Assuming the pressure downstream of 
the blade row to remain constant, the momentum 
equation shows that the flow velocity is also constant. 
Simple application of the continuity equation then gives 

cos/~ p (5) 
COS fie Pe 

where fl is the flow angle measured from the axial 
direction. For  turbine nozzle cascades with high outlet 
flow angles of around 70 °, the maximum deviation 
(corresponding to p/p~= 1.08) is only 1.5 °. On the other 
hand, for the flow emerging from a rotor row with a small 
absolute angle of swirl, the deviation may be 10-20 ° . This 
analysis is obviously inappropriate for near axial flows 
(fl~-~0 °) and, in cases such as these, the streamsurfaces 
would rearrange themselves in the spanwise direction to 
accommodate the necessary increase in flow cross- 
sectional area. 

As shown in the Appendix, the thermodynamic 
loss coefficient for the blade row can be approximated by 

2hfg A y ( A T ~  (6) 

Steam supercooled at 
end of expansion 

Reversion to 
equilibrium 
complete 

Thermal relaxation zone 

Fig I Variation of flow angle due to thermal relaxation 
downstream of a cascade (schematic) 

where Ay is the increase in wetness fraction across the 
blade row and ATav is a suitably defined mean super- 
cooling. Insertion of typical values into Eq (6) shows that, 
under rather adverse conditions, IT may approach values 
of the order of 0.1. Loss coefficients of such magnitude are 
obviously comparable to, or even greater than, the major 
aerodynamic sources of inefficiency. 

These simple estimates, although of a very 
approximate nature, do give a good appreciation of the 
possible maximum effects of departures from thermal 
equilibrium. The following sections demonstrate how the 
various phenomena are affected by the local flow con- 
ditions and blade profiles and in particular show how 
deviations from equilibrium are reflected in the two- 
dimensionality of the flow patterns. 

Examples of wet -s team f lows in 
turbine cascades 
Steam flowing through a turbine exists in different forms 
depending on its position within the machine. Assuming 
the condition line to have crossed the saturation line, the 
following categories can be identified: 

(1) dry and supercooled throughout the blade passage; 
(b) dry and supercooled at inlet, but a primary 

nucleation occurring within the blade passage; 
(3) wet at inlet, but subsequently departing from equi- 

librium due to insufficient surface area for condensa- 
tion on existing droplets; 

(4) wet at inlet, but departures from equilibrium are so 
large that a secondary nucleation is induced in the 
blade passage. 

The blade-to-blade time-marching computer program 
was used to calculate examples of the various flows 
described above. The blade profiles used for these studies 
were selected from Stages 4 and 6 of a six-stage low- 
pressure cylinder of an operational turbine-generator set. 
This turbine was also the subject of investigations by 
Yeoh 11, who performed a nonequilibrium axisymmetric 
throughflow calculation for the machine. The results of 
Yeoh's calculations were used in the present exercise for 
specifying the steam inlet conditions to the various blade 
passages. 

Dry supercooled, non-nucleating f low 

The throughflow calculations of Ref 11 suggested that the 
flow in the stator blade passages of Stage 4 is dry and 
supercooled despite the fact that the expansion is below 
the saturation line. Accordingly, the two-dimensional 
cascade program was used to investigate the influence of 
departures from equilibrium on the flow parameters in 
this regime. 

Table 1 presents the input data and overall results 
for the root section of the blade. At inlet the steam is 
superheated by 15 K and the saturation line is crossed at 
about mid-chord. The equilibrium solution predicts a 
wetness of 1.5~, at blade exit, but the nonequilibrium 
calculation shows that the steam is actually still dry and 
supercooled at this point, the nucleation rate (corre- 
sponding to AT=20°C)  being quite negligible. 
Departures from equilibrium are responsible for a 3~o 
increase in mass flowrate (for the same pressure ratio), but 
the exit flow angle is unaffected. This is hardly surprising, 
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T a b l e  1 I n p u t  d a t a  and resu l ts  fo r  r o o t  
s e c t i o n  o f  S t a g e  4 s t a t o r  b lade  

Po, bar Pex, bar T o, K ATex, K fie fine (~ ~T 

0.671 0.378 378 19 65.0 65.0 1.03 0.0 

however, because the flow is subsonic and lossless 
throughout. 

Fig 2 shows contours of constant supercooling 
from the nonequilibrium calculation, together with the 
blade surface pressure and velocity distributions. The 
velocities are normalized with respect to the frozen speed 
of sound at blade inlet. There is little difference between 
the pressure distributions from the two solutions, the 
maximum variation being about 3% on the suction 
surface. The variation in the velocity distributions is even 
smaller, in keeping with the order of magnitude pre- 
dictions discussed previously. 

Primary nuc lea t ing  f l o w s  

Primary nucleating flows in turbines are of major 
importance because subsequent departures from equi- 
librium, the thermodynamic and other wetness losses are 
all strongly dependent on the fog droplet size. The 
throughflow calculations 11 demonstrated that the 
primary nucleation zone probably occurs in the rotor 
blade passage of Stage 4 and the blade-to-blade calcula- 
tions were therefore carried out in order to investigate the 
effect of two-dimensionality on the process. A number of 
calculations were performed with different blade inlet 
temperatures in an attempt to model the fluctuations 
which occur in real turbines. The results are presented in 
Ref 9, to which the reader is referred for a detailed 
account. The general conclusions which emerged from the 
analysis were: 

(a) The blade surface pressure and velocity distributions, 
and the exit flow angle were not greatly affected by 
nucleation. 

(b) The thermodynamic loss coefficient was strongly 
dependent on the inlet temperature and, under 
adverse conditions, attained a value of 0.11. 

(c) The mass flow coefficient varied between 1.0 and 1.06 
depending on the position of nucleation. 

(d) The mean fog droplet radius resulting from the 
primary nucleation was also dependent on the inlet 
stagnation conditions. 

Wet,  n o n - n u c l e a t i n g  f l o w s  

Departures from equilibrium are not restricted to the 
primary nucleation zone, and the steam flowing in the 
succeeding stages may become supercooled if the rate of 
condensation on the droplet surface is insufficient to 
maintain the equilibrium demanded by the prevailing 
expansion rate. Just as with the primary nucleation, this 
also gives rise to a thermodynamic loss, although usually 
of a smaller magnitude. However, unlike the primary 
nucleation, which occupies only a small region of the 
turbine, non-nucleating wet-steam flows may prevail 
over several low pressure stages. 

The steam entering Stage 6 of the 500 MW turbine 
is wet and at equilibrium according to the throughflow 

A study of thermal nonequi l ibr ium effects 

1.0 

0.8 

o 

0.6 

0.4 
a 

%, 
Equilibrium ~ ~ ~ "  

Non-equilibrium 
I I I 

0 0.5 1.0 

Fraction of axial chord 

1.2 

0.8 

0.4 

0 
b 

1 I I 
0 0.5 1.0 

Fraction of axial chord 

1 

A 
1 -10 '~ / 

3 1 
4 20 

Fig 2 Dry supercooled flow in the root section of Stage 4, 
stator blade: (a) blade surface pressure distribution P/Po; 
(b) blade surface velocity distribution V/V.;  (c) contours of 
constant supercoolin9 

calculations, and the mid-height section of the stator 
blade was accordingly selected for analysis. The wetness 
fraction at inlet was obtained from the throughflow 
solution, but a range of different droplet radii were chosen 
in order to investigate the effect of droplet size on the 
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blade performance. Table 2 presents the input data and 
overall results. 

A study of Table 2 reveals that there is no variation 
of outlet flow angle with droplet radius, nor is there any 
deviation from the equilibrium value. On the other hand, 
both the mass flow coefficient and the thermodynamic 
loss coefficient increase with droplet size. 

Fig 3 shows the blade surface Mach number 
distribution based on the frozen speed of sound. It is 
notable that the equilibrium and various nonequilibrium 
solutions are virtually identical, despite the fact that the 
flow is transonic with an adiabatic shock wave situated 
near the trailing edge. Fig 3 also shows the variation of 
supercooling along the suction and pressure surfaces for 
three selected droplet radii of 0.05, 0.10 and 0.50 ~tm. 
With increasing droplet size, departures from equilibrium 
become more pronounced and this is reflected in an 
increase in supercooling, particularly on the suction 
surface. For the largest droplets (ro=0.5 p,m) the super- 
cooling rises sharply to 20°C near the trailing edge, but 

this is still insufficient to promote a secondary nucleation. 
In passing through the adiabatic shock wave, the vapour 
temperature rises, resulting in a decrease in supercooling 
and a return to equilibrium. 

It is interesting to note that most of the thermo- 
dynamic loss occurs near the trailing edge of the blade 
where the supercooling is high. This is evident from the 
contours of constant entropy which are also shown in Fig 
3 for the case of ro=0.1 Hm. The explanation is that the 
thermodynamic entropy increase (which is associated 
with the interphase heat and mass transfer) is pro- 
portional to the square of the supercooling and this is only 
appreciable towards the end of the expansion. 

Wet -s team f l o w s  w i t h  seconda ry  nuc lea t i on  

Secondary nucleations can occur in wet-steam flows when 
the expansion rate is high and the condensation rate on 
the existing droplets is insufficient to maintain the super- 
cooling below the threshold for nucleation. The most 

T a b l e  2 I n p u t  d a t a  and resu l ts  f o r  m i d - h e i g h t  s e c t i o n  o f  S t a g e  6 s t a t o r  b lade  

Po, bar Pex, bar T o, K r o, #m Yo fie f i n e  ~ ~ T  

0.16 0.07 327 0.01 0.055 72.0 72.0 1.000 0.005 
0.16 0.07 327 0.05 0.055 72.0 72.0 1.007 0.006 
0.16 0.07 327 0.10 0.055 72.0 72.0 1.014 0.010 
0.16 0.07 327 0.30 0.055 72.0 72.0 1.022 0.01 9 
0.16 0.07 327 0.50 0.055 72.0 72.0 1.032 0.027 
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Fig 3 The effect of varying droplet radius on the flow in the mid-height section of Stage 6, stator blade: (a) Mach nun, er 
distributions: (b) variation of supercooling, AT, along the suction surface; (c) variation of  supercooling along the pressure 
surface; (d) contours of constant entropy rise 
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likely zones for secondary nucleations in large LP steam 
turbines are the root region of the stator blades and the tip 
region of the rotor blades of the final stage. The rotor tip 
and stator root sections of Stage 6 of the 500 MW turbine 
were therefore selected for analysis. The blade inlet and 
outlet conditions were obtained from the throughflow 
calculations, but the inlet primary droplet radii were 
chosen arbitrarily. 

Table 3 shows the input data and overall results for 
the rotor tip section. A value of ro---0.1 ~tm was adopted 
for the inlet droplet radius, this being typical of the fog 
droplet size in LP turbines. However, despite the small- 
ness of the primary droplets, the thermodynamic loss 
coefficient has a high value of 5.7%. It is also notable that 
the deviation of the exit flow angle due to nonequilibrium 
effects is only 1 °, despite the high relative exit Mach 
number of 1.8. 

In Fig 4 is shown the blade surface pressure 
distribution, which is again notable for the lack of 
distinction between equilibrium and nonequilibrium 

solutions• Also shown in the same figure are the contours 
of constant supercooling. It can be seen that the super- 
cooling attains a value in excess of 25°C on the suction 
surface of the blade and this is sufficient to promote a 
weak secondary nucleation in this region. 

When dealing with secondary nucleations, two 
separate droplet radii are retained in the calculations to 
represent the primary and secondary groups. This is 
thought to be a realistic theoretical model of the physical 
processes involved, but it should be appreciated that, as 
yet, no experimental evidence is available to justify the 
assumptions. 

Fig 4 also shows the development of the primary 
and secondary droplet radii, together with the corre- 
sponding wetness fractions. Initially, due to the small 
wetness fraction associated with the secondary group, its 
thermal relaxation time is much larger than that of the 
primary group. The contribution of the secondary group 
to the overall relaxation time is therefore small and its 
presence makes little difference in the reversion to equi- 

T a b l e  3 I n p u t  d a t a  a n d  r e s u l t s  f o r  S t a g e  6 r o t o r  t i p  s e c t i o n  

Po, bar Pex, bar T o, K r o #m Yo ,Be fine ~ ~T 

0.154 0.044 327 0.1 0.07 56.5 57.5 1.01 0.057 
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Po, bar Pe×, bar T O K r o #m Yo ,Be ,Bne q~ IT 

0.160 0.026 327 0.5 0.055 47.0 48.0 1.01 0.088 

. . . . . .  J ~  
(Primary) 

librium occurring downstream of the trailing edge. The 0.6 
majority of the water present and the effective surface area 
for condensation is largely due to the primary droplet 
group. 

In passing, it is worth noting that the tip section of 0.4 
a final stage rotor blade presents one of the most difficult fi , 
computational problems for any blade-to-blade calcula- 
tion technique. The fact that the computer program can c 0.2 - 
deal, not only with the difficult geometry, but also with the 
secondary nucleation, demonstrates more than anything 
else its 'numerical robustness'. 

The second calculation of secondary nucleation 
0 presented here is for the root section of the stator blade of 

0 
Stage 6. The input data and overall results appear in Table 
4. The primary droplet radius was chosen to be 0.5 lam in a 
order to demonstrate the rather different results obtaining 
when a secondary nucleation occurs in the presence of 
large droplets. 15 

The flow through this section of the blade passage 
is supersonic with an adiabatic oblique shock wave. The 
contours of constant supercooling in Fig 5 show that the 
expansion rate is high, resulting in a degree of super- 10 
cooling greater than 30°C near the blade trailing edge. A 
secondary droplet group therefore forms near the suction 
surface. The droplets are very small with a mean radius of 
0.01 lam, but they are present in such large numbers that 
their relaxation time is comparable to that of the primary 5 
group. The secondary group therefore presents a large 
surface area for condensation and plays a major part in 
the reversion to equilibrium. This can be seen from the 
graphs of droplet radius and wetness fraction also shown 
in Fig 5. 0 

C o n c l u s i o n s  b 

The following conclusions are based on the calculations 
reported in the previous sections. It should be appre- 
ciated, however, that as yet there are no experimental data 
available either to confirm or refute the findings. 

(1) For a prescribed cascade pressure ratio, the variations 
in blade surface pressure and velocity distributions 
due to departures from thermal equilibrium are small 
( < 5%). In those examples computed to date, there is 
no evidence of radical changes in flow distribution 
due to nonequilibrium condensation. From this point 
of view, therefore, the added complexity and 
sophistication of nonequilibrium blade-to-blade 
calculations is only necessary in cases where extreme 
accuracy is required. 

(2) The variation in blade exit relative flow angle due to 
thermal relaxation is at most 1 °-2 ° and is usually less. 

(3) The tendency for the mass flowrate to increase with 
departures from equilibrium is significant, and mass 
flow coefficients should be included in performance c 
calculation methods. Usually 1.0 < ~b < 1.06. 

(4) The thermodynamic loss is a major component of the 
overall loss in the final stages of LP turbines. IT is a 
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strong function of the droplet radius and the local 
flow conditions and, in general, 0.0 < iT < 0.1 1. The 
Baumann rule, which correlates the wetness loss with 
the wetness fraction rather than the droplet size, is 
unsatisfactory. 

(5) The mean radius of primary fog droplets is very 
sensitive to the local conditions at the Wilson Point, 
and strong circumferential variations in droplet 
radius may occur under certain conditions. Because 
of this sensitivity (and also because of the inability of 
present methods to determine the contribution to the 
droplet population from nucleation in blade wakes 
and due to mainstream turbulence), a reliable pro- 
cedure for predicting the mean fog droplet radius in 
turbines is unlikely to be forthcoming in the fore- 
seeable future. 

(6) Secondary nucleations are likely to occur at the stator 
root and rotor tip regions of the final stage and 
generally give rise to high thermodynamic loss. 
These might be avoided by judicious design of blade 
profiles. 
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A study of thermal nonequilibrium effects 

A p p e n d i x  

Departures from thermal equilibrium 
Consider an expansion of wet steam from stagnation 
enthalpy ho and entropy So such that the flow remains in 
thermodynamic equilibrium. Assuming adiabatic flow, 
the steady flow energy equation can be written 

v? 
h ° = ( 1 - y e ) h g e + y e h l e 4  2 (A1) 

Now consider a thermally frozen expansion from the 
same inlet stagnation conditions to the same static 
pressure p. Assuming zero phase change and zero inter- 
phase velocity slip, the steady flow energy equation 
becomes 

V 2 
ho = (1 - y)hg + yh~ + 2 (A2) 

Assuming the vapour phase to behave as a perfect 
gas, 

hg = hge - Cp A T  (A3) 

where AT is the supercooling developed at the end of the 
nonequilibrium expansion. Also, neglecting the capillary 
supercooling of the droplets, 

ht =hte (A4) 

Combining equations (A1) to (A4) gives 

v? 
2 ( y - ye )h fg  +(1 - y ) %  A T  (A5) 

where hfg = hg e - h i e  is the enthalpy of evaporation. 
The entropy is constant in both expansions, and so 

So = ( 1 - ye)Sge -t- yeSle ---- ( 1 - y)sg + yst (A6) 

Noting that s= =Sle and 

sg¢ - Sg = - cp ln( 1 - A T~ Ts) (A7) 

where T s is the saturation temperature corresponding to 
the pressure p, gives 

( y - -  ye)(Sge - -  Sle) = ( 1 - y)Cp In( 1 - A T~ T~) (A8) 

Combination of Eqs (A5) and (A8) together with expan- 
sion of the logarithmic term, then leads to 

v? JL Ts j (A9) 
Considering now the ratio of the densities for the 

two expansions (and assuming the vapour phases to 
behave as perfect gases), 

Pe Pge = Tgg 

Introducing F_z: l (A8) 

1 

Hence, to a first approximation, 

(A12) 
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As shown in Ref 9, the the rmodynamic  entropy 
increase is given by 

dsv AT dy 
- -  "~hfg (A13) 
d t -  Ts 2 dt 

Across a blade row, 

A AT~ 
ST = hfg ~ Ay (A 14) 

where Ay is the increase in wetness fraction and ATav is a 
suitably defined average value of  the vapour  supercooling. 
Substi tut ing Eq (A14) into Eq (2) gives 

2hf,. ( rav  (A15) 
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