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Wilson Point Experiments in Turbines

Nomenclature
bleed line area, uy
orifice area of bleed nozzle,
calibration factor, 1%
drag coefficient, Vary
droplet diameter, Ver
Naperian base, v
complex operator \/ -1, vy

w

scattering area coefficient,

constant,

length of light path through vapour,
bleed mass flow,

total head pressure,

static pressure,

datum static pressure,

probe pressure,

resultant velocity of drop relative to
vapour flow,

polar coordinate radius,

Reynolds number based on droplet dia-
meter and slip velocity,

total head temperature,

static temperature,

time,

vapour velocity far upstream,
horizontal component of vapour velo-
city,

1. Introduction

W

RN R X

horizontal component of droplet velo-
city, ;

velocity in bleed line,

photocell voltage (dry steam),
photocell voltage (wet steam),

vertical component of vapour velocity,
vertical component of droplet velocity,
wetness fraction,

arithmetic mean wetness fraction,
horizontal coordinate of droplet,
vertical coordinate of droplet,

actual flow plane z=x+iy,

wetness loss correction factor

w="1a(1—0Wn),

bleed pressure correction,

dry total head isentropic efficiency,
wet total head isentropic efficiency,
polar coordinate angle, -

wavelength,

scattering coefficient,

density of steam,

density of water,

image plane of transformation

el

Supersaturation in steam as it expands below the equilibrium saturation line is chara-
cterised by subcooling of the vapour to a temperature below the saturation or equilibrium

value associated with the prevailing local pressure.

* C. A. Parsons & Company Ltd., Heaton Works, Research & Development Laboratories, New-

castle upon Tyne.
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In a “‘spontaneous™ or “self” nucleating process, nucleation centres are formed from
random molecular groupings during the expansion, the rate of their formation being govern-
ed by the degree of subcooling of the vapour. When the intensity of condensation, resulting
from the combined rates of nucleation and deposition on existing nuclei, rises abruptly
to a level which effectively relieves subcooling, then reversion is said to have taken place,
this often being referred to as the Wilson Point.

Several investigators have shown experimentally that this physical description of
spontaneous nucleation is valid for convergent divergent nozzles, moreover, the ultimate
number and size of the water droplets in turbines has also been associated with such a
process, although no direct experimental evidence is available from turbines to support
this assumption. Fears of excessive blading damage, as well as loss in efficiency, however,
especially in those turbines supplied with near saturated steam from water moderated
reactors, have sustained an intense interest among turbine manufacturers to understand and
evaluate the influence of supersaturation.

2. Early experiments

Supersaturation was largely identified with nozzles and cloud chambers until 1918 when
an article by Martin [1] suggested that the expansion below the saturation line in a turbine
would more closely follow a supersaturated condition, than an equilibrium wet one, the
implication being that design methods should be changed to accommodate this. A meeting
followed at Heaton Works between Professor Callendar of steam tables fame and Sir
Charles Parsons which resulted in the initiation of an experimental programme, the first
part being directed at nozzle experiments and the second at turbine trials [2].

The nozzle experiments (Fig. 1) showed that reversion could be suppressed by applying
a high-voltage corona discharge across electrodes, the visible effect being to induce early
fog formation at the nozzle discharge. This can be explained by ionization increasing the
rate of formation of nuclei thereby promoting earlier reversion. From this result it was
reasoned that if saturated steam was ionized at entry to a turbine, the thermodynamic
change from a supersaturated to equilibrium expansion would result in an increase in
work output, thereby checking Martin’s theory.

Ionizing electrodes were subsequently installed in an enlarged entry pipe to a 100 kW
turbo-dynamo (Fig. 2) fed with dry steam supplied through a centrifugal steam separator.
No change in speed, output, or pressure levels could be detected, however, when discharges
of up to 50 kV were employed using both AC and rectified DC supplies.

After modification to both steam supply and electrodes proved ineffective, C.T.R.
Wilson was consulted, who challenged the purity of the steam to the turbine, suggesting
that it already carried sufficient dust nuclei to inhibit supersaturation. Further nozzle tests
were consequently initiated in which aluminium and silica dusts of varying grades were
injected upstream into the steam but these appeared incapable of visibly suppressing
supersaturation. In the light of today’s knowledge this result would not be entirely unex-
pected since the size of the injected particles would be large and relatively few in number
as compared with the huge rate of production necessary to revert the steam(>102° per
sec per m®).



Fig. 1. Condensation induced in a nozzle by high-voltage ionization; a) without ionization, b) with
ionization
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Fig. 2. Turbine used for ionization experiments
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The experiments were concluded by ionizing the steam inside the nozzle by electrically-
heated incandescent wires, and, although this method was said to be successful in suppressing
supersaturation, it was not extended to the turbine. ‘

In retrospect, these early supersaturation experiments appear crude, but nevertheless
they did serve to consolidate an equilibrium thermodynamic design basis for wet steam
turbines.

3. Model L.P. turbine experiments

Interest in supersaturation waned for many years because of the progressive reduction
in wetness in turbines resulting from higher superheat and the adoption of reheat, but
was abruptly revived when it was suggested that the erosive attack of water droplets on
high-speed low-pressure blading for 500 MW turbines would have a catastrophic influence
on blade life. Although interest was rekindled just as much at Heaton Works as elsewhere
by this prediction, the true motivation for this second set of experiments stemmed from the
use of one-third scale model L. P. turbines to predict the aerodynamic performance of
full-scale machines. These models were supplied with steam at their design condition, the
shaft speed being three times the full-scale value to duplicate the working Mach number
across the blading. Rates of expansion were consequently three times greater than full scale
which theoretically tended to support higher supersaturation levels in the model, with the
possibility of changing the thermodynamic behaviour of the steam and blading performance.

A three-stage low-pressure turbine was used for the experiment modelling to one-third
scale the last three stages of a Ferrybridge 'C’ 500 MW machine which employed 3.45 m
tip diameter last row blading (Fig. 3). The shaft output was dissipated in a directly coupled
hydraulic dynamometer, torque loading being used to control speed to 9000 rpm, three
times the full-scale design value. Steam consumption was assessed from the time taken for
the condensate to fill tanks of known capacity.

For this particular experiment the inlet and outlet pressures of the turbine were con-
trolled to 0.76 and 0.045 bar respectively, which enabled the terminal condition of the steam
to be varied from a dry to a theoretically wet condition by decreasing the steam inlet
temperature from 560 to 380 K without significantly changing the blading efficiency.
The inlet temperature was controlled by desuperheating the works steam supply in a direct
contact desuperheater of the steam blast atomizing type, a design which had been proved
very effective with overall energy balances within 2 kJ/kg. Limited control over tem-
perature was also possible by adjusting the firing rate to the boiler, but stability problems
arose when the boiler was supplying other users.

Development of hot wire technique

The detection of the Wilson Point in the turbine was based on a technique developed
by Binnie and Green [3] which was later used by Gyarmathy and Meyer [4] in their
nozzle experiments. The principle is to electrically heat a fine wire immersed in the working
fluid over a range of currents well below the incandescent range and measure its change in



Fig. 3. Model L.P. turbine
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Fig. 5. Hot wire resistance measurement

Fig. 4. Hot wire probe

resistance. In dry steam, the resistance rises continuously as the wire temperature increases
with current, but in wet steam, evaporation of surface moisture initially prevents the tem-
perature and the resistance rising until the heat input is more than sufficient to evaporate
the water reaching the surface. By comparing the shapes of the resistance v. current char-
acteristics, Binnie and Green contended that not only could dry steam be distinguished from
wet steam, but that measurements taken in the supersaturated zone of a nozzle had similar
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resistance characteristics to dry steam. Proof of the instrument being in the supersaturated
zone was based on an axial traverse along the centre line of the nozzle in which the position
of change in resistance characteristic was found to agree with a local pressure discontinuity
registered on wall static tappings.

The hot wire for the first C.A.P. probe was constructed from 50 pm diameter tungsten
wire, which, from trajectory calculations based on the Langmuir drag relations, was the-
oretically capable of intercepting droplets of 0.07 pm diameter at the prevailing steam
conditions (Appendix 1). This wire was spot welded to low®resistance copper supports,
making compensation for internal lead resistance unnecessary and also providing the neces-
sary ductility to enable them to be fused into glass to form a pressure-tight seal.

POSITION B\M pOSAmON

/ FLOW

B 1

ENTHALPY.

SUPERSATURATED. / SUPERSATURATE D
ISOBAR = TEMP. - 281-8K

EQUILIBRIUM ISOBAR (WET)

ENTROPY

Fig. 6. Nozzle traversing positions and expansion diagram

Trials were made in a convergent nozzle in a steam tunnel to establish the viability
of this hot wire technique and, although the shapes of the resistance curves were basically
as predicted, initial reductions in resistance proved difficult to explain. These were at-
tributed initially to oxidation of the wire but later to thermo-electric or galvanic effects
at the welded junctions. There followed numerous attempts to correct this difficulty, the
plain tungsten wire being replaced by gold-plated tungsten wire, to improve the junction.
Ultimately, however, the copper supports with the glass seal were abandoned in favour
of stainless steel passing through araldite. The final probe (Fig. 4) employed a 13 pm
diameter plain tungsten wire, which increased its resistance by a factor of 15 over the original
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instrument thereby improving its sensitivity by reducing the size of detectable droplets
and improving resistance changes. It was necessary, however, to weld two additional leads
to the stainless-steel supports close to the tungsten wire junctions so that errors resulting
from their relatively high resistance could be avoided. Although Binnie and Green had
chosen a double Kelvin Bridge to measure resistance because of its high intrinsic accuracy,
it was found more satisfactory to deduce the wire resistance from Ohms law by measuring
its potential drop and heating current by digital voltmeters (Fig. 5). This method gave
high measurement sensitivity at low heating currents where the gradient of the resistance
characteristic was vital.
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Steam conditions in the tunnel were close to those in the turbine exhaust (Fig. 6), the
expansion ratio being initially exaggerated to a near critical value to promote subcooling.
The theoretical undercooling was 15.7 K corresponding to a supersaturation level of 2.76
at exit, the velocities remaining subsonic as in the turbine to avoid re-evaporation influences
of a bow wave shock that Binnie and Green had been obliged to consider in their supersonic
experiments. By taking resistance characteristics over a range of axial positions from A4 to B
(Fig. 6) as the probe was withdrawn through the nozzle, it was found that a dry steam
characteristic was obtained throughout (Fig. 7), suggesting either that the steam had not
reached the Wilson Point or that water droplets were being deflected past the wire.

Further trajectory calculations on the 13 um diameter wire indicated that the smallest
drop likely to be intercepted would be 0.03 pm diameter; calculations based on nucleation
theory indicated, however, that the steam had not crossed the Wilson Point in the nozzle.
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Turbine measurements

In extending the hot wire technique to the model L. P. turbine, measurements were made
behind the last moving blade row because the mean rate of expansion and subcooling
potential was at its highest over the last stage. Here pressure ratios were sufficient to gene-
rate transonic velocities in the blading, the probe approach velocity, however, remained
subsonic so that bow wave shock induced reversion problems were absent. A fixed radial
position of 40 % of the blade height from the inner diameter was also chosen for the measu-
rements (Fig. 8), this being clear of secondary loss zones and the wakes from the lacing
wires or stubs, so that subcooling would not be suppressed by gross inefficiency.

For wetness measurements in the turbine, the hot wire probe had to be capable of being
rotated to lie normal to the direction of flow, local measurements of total and static pressu-
re and total temperature also being necessary to determine the terminal condition of the
expansion. Both yaw angle and static pressure were obtained from a disc type instrument
with separate side tappings (Fig. 9a). Yaw angle was obtained by coupling the side tappings
1o a manometer so that by rotating the probe to a position where the side pressures were
balanced, the flow angle could be read on an externally mounted protractor. Simultaneously,
either side tapping reading could be measured to assess the static pressure from a calibra-
tion related to the dynamic pressure difference:
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Fig. 8. Cross-section through model L. P. turbine showing measurement position
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Fig. 9. L.P. turbine instrumentation; a) static pressure and yaw probe, b) total pressure probe, ¢) pitch
probe, d) total temperature probe

An inclined Ermashov [5] shielded probe (Fig. 9b) was adopted to measure total
pressure which could be rotated about its stem into the yaw direction of flow, but relied
on the insensitivity of its head to incidence to accept pitch angles within the range of +40°
to —20° to the machine axis. To ensure that the instrument was used within its working
range, however, pitch angle was also measured on a Conrad probe with its chamfered
tubes disposed radially (Fig. 9¢c). The test procedure was to rotate the instrument into the
known yaw direction, and by expressing the measured pressure differential as a ratio
of the dynamic pressure difference, the pitch angle could then be obtained from a calibra-
tion curve.

In the superheated region, the total enthalpy of the steam was assessed from total
pressure and a total temperature probe which employed a sensitive thermistor (Fig. 9d).
This was also enclosed in an Ermashov head, in the same manner as the pressure instrument,
to ensure high dynamic head recovery over the full range of pitch angle. Its resistance was
recorded on a bridge, the sensitivity of the measurement being 18 Q for 1K change in tem-
perature so that temperature changes of 0.1K could be readily detected.

Blockage of the small bore hypodermic pressure tubes by condensation was avoided
by a continuous air purging system (Fig. 10), the air passing through ceramic filters before
being metered through small nylon spinnerette nozzles. These were of 40 pm and 80 pm
diameter and were incorporated in parallel in the total and static probe purge lines. Pressu-
re readings were subsequently taken for the three bleed rate combinations so that the true
pressure could be estimated by extrapolation to zero bleed. In this particular application,
moreover, the pressure ratio over the orifices exceeded the critical value, so that the pressure
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Fig. 10. Continuous bleed system

readings varied linearly with area (Appendix 2); the redundant third reading consequently
served as a check on whether the probe had remained unblocked. In the case of the pitch
meter, however, only a single bleed to each tube was found necessary, the instrument
being checked for blockage with the turbine at rest before and after each test by obser-
ving whether the differential manometer levels remained nulled.

Results

Readings were initially taken with the turbine inlet temperature sufficiently high to
maintain a superheated static enthalpy condition at the probe position behind the last
blade row (Fig. 11, Expansion 4) and as expected, a dry resistance characteristic was
recorded (Fig. 12, Expansion A). The inlet temperature was subsequently reduced in sta-
ges until the total head enthalpy at the turbine exhaust lay above the equilibrium satura-
tion line and the static enthalpy just below as in the nozzle (Fig. 11, Expansion B). Unlike
the nozzle, however, the turbine recorded a wet characteristic (Fig. 12, Expansion B) sugges-
ting that the Wilson Point had at least been locally exceeded.

Calculations based on the mean expansion rate through the blading indicated no signi-
ficant increase in the condensation rate, by far the larger proportion of the nuclei having
a critical diameter of 0.004 pm. This suggests that the probe should have recorded little
evidence of water with its minimum capture diameter of 0.03 pm. (A recalculation based

22 Prace IMP z. 70-72
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Fig. 11. Mollier diagram showing terminal states of steam from L.P. turbine
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on an isentropic flow condition is to be conducted to establish whether the Wilson limit
can be exceeded close to the convex blade surfaces where initial accelerations are higher
than average).

Although this experiment proved disappointing in not providing positive evidence
of high degrees of supersaturation, the flow patterns from model traverses were found to be
similar to those of the full-scale machine when velocities were deduced on an equilibrium
thermodynamic basis.

4. Model H.P. turbine experiments

Recent investigations at Parsons have been principally directed at improving water
extraction rates and understanding the mechanism of wetness losses in those turbines
supplied from water moderated reactor systems. In these systems saturated steam is produ-
ced at pressure levels ranging from 40 to 70 bar so that the steam enthalphy falls below the
peak saturation level. Before entry to the H.P. turbine, the steam is therefore throttled
to a slightly wet condition and if no measures were subsequently taken to extract moisture
and reheat the steam between the H.P. and L.P. turbines, the terminal wetness would
exceed 20 %;.

To avoid erosion damage and excessive wetness losses, it is consequently necessary
to remove as much moisture as possible during the expansion, the designer usually being
content to remove damaging free water from circumferential cylinder belts in the restricted
axial length of turbine, relying on larger and more sophisticated external separators between
the turbines to remove droplets as well as free water.

The effectiveness of water removal from cylinder belts is largely dependent on the state
of the water, whether it exists as a fine fog, or the droplets have grown to a size where
they can be inertially collected as films on blade surfaces and subsequently reatomized as
second generation droplets from the trailing edges. Effective removal becomes more di-
fiicult in H.P. turbines because fewer large second generation droplets exist and the higher
steam density exerts a higher drag for a given steam velocity so that the droplets tend to
remain steam borne, and are not centrifuged from moving blade surfaces to the cylinder
walls as free water where they can be drained.

Description of equipment

To study these high-pressure extraction problems a fourteen-stage 509 reaction tur-
bine was built (Fig. 13), the design of the blading fulfilling three distinct functions. The
first five stages have the same rate of expansion parameter (F) [6] as the H.P. turbines of the
540 MW machines supplied for the Pickering Candu type PWR system, with the intention
of reproducing the nucleation conditions of the full-scale machine. The following five
stages constituted a transitional zone, feeding four detachable stages modelled initially
to have similar blading geometry to the Pickering H.P. turbines.

The model was designed for an inlet pressure of 20 bar, which was as high as the Works
Soilers would allow, the inlet superheat being controlled by an elaborate desuperheating

e
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arrangement down to 6 K (Fig. 14). The steam was subsequently wetted by extracting work
from a directly coupled dynamometer to a condition of 7 bars and 6 % wetness before the
belt. Although the model was only 1.2 m long between bearing centres, it produced 900
KW at a maximum rotational speed of 10,000 rpm.
Provision was made to change the extraction belt geometry after the last moving blade
.row, the belt being followed by a further stationary blade row to maintain a representative
flow condition past the water extraction zone. No further moving blades were added,
however, so that the theoretical wetness before the extraction belt could be assessed from
the steam tables having measured the inlet enthalpy, the work done per unit mass and belt
pressure. Two sets of sight glasses were also provided along each side of the cylinder cover
so that observations could be made through the steam across the top of the shaft between
the first seven stages.

Experimental investigation

Unexpectedly high wetness losses as well as poor extraction belt performance at high
pressures prompted investigations to establish their causes by establishing the physical
condition of the steam in the turbine.

At an inlet pressure and temperature of 8.45 bar and 451 K and an overall pressure
ratio of 4.1, it was observed that the steam was clear after the second stage, the equilibrium
saturation line having been crossed in this stage. Intermittent wisps of fog passed across
the viewing position after the third stage, but after the fourth stage it was found possible
to make droplet size and wetness measurements using the Mie [7] light extinction technique.

Collimated white light from a quartz iodine source was passed successively through
a set of nine narrow band colour filters so that monochromatic light of different wavelengths
was transmitted through the steam from one side of the turbine to the other where the re-
maining light was collected and focussed on a photocell (Fig. 15). At an earlier stage the
electromotive force from this cell had been calibrated against light intensity using neutral
density filters. This enabled the extinction coefficient () to be deduced from the ratio of
the voltages obtained “under wet and superheated steam conditions using the calibration
(Vwet Vary)®!*=¢”', where I was the optical length of the steam path.

The extinction coefficient parameter (o/) was subsequently derived experimentally from
turbine measurements for each of the nine filter wavelengths (1) enabling a double logarith-
mic plot of g/ against 1/4 to be made (Fig. 16).

To establish the turbine droplet sizes and wetness, it was necessary to refer to existing
computations made for monodispersed droplet systems [8] relating scattering coefficient

2. d
K <where K=? — a) to a droplet diameter/wavelength parameter (rd/1). By adopting
w

a double logarithmic presentation (Fig. 16) once more, the shape of the resulting curve
remained unaffected by the values of the constants d, w and [ so enabling the experimen-
tal results to be fitted to the theoretical shape. That a reasonable fit was possible was in
itself significant, since it indicated that the turbine droplet spectrum was largely monodis-
persed.
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A droplet size of 1.5 pm was subsequently established from the value of the abscissa
on the theoretical curve, knowing the experimental wavelengths. The corresponding wet-
ness was calculated to be 0.1 9 as compared with the equilibrium value of 1 %,.

Instead of the light becoming suddenly opaque in the turbine, as observed in H.P.
nozzle experiments [9], progressive diminution of the light transmission took place until
the density of the fog completely obscured vision after the sixth stage. It would therefore
appear that, instead of the intensity of condensation rising abruptly as in a nozzle to give
a reasonably well-defined Wilson point, progressive condensation takes place over a num-
ber of blade rows in a turbine.

These observations would agree with a suggestion by Moore [10] that vapour close to
the convex blade surfaces is subjected to a considerably higher initial expansion rate than
average and may consequently reach its Wilson limit earlier. The vapour in the remainder
of the blade passage however would suffer less severe rates of expansion so that it may re-
main subcooled to varying degrees until it passes sufficiently close to the suction surface
of blading in a following row to suffer reversion. A process is consequently envisaged where
successive reversions take place, until supersaturation has been effectively relieved througho-
ut the flow.
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Fig. 17. High-pressure wetness loss factors

It is possible that the sudden pressure change associated with reversion may be superim-
posed on the adverse pressure gradient created by the suction surface deceleration towards.
the blade trailing edges, the combination being sufficient to induce boundary layer separa-
tion. Should such separation extend over several blade rows, then the high wetness loss
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coefficients measured by Miller [11] and ourselves (Fig. 17) would be explained. A reme-
dy would therefore be to aerodynamically unload the blades by reducing the initial acce-
leration and subsequent diffusion of the steam on the suction surfaces so as to render the
boundary layer immune to the combined reversion and diffusion influences of the steam.

Unfortunately, progressive reversion does not necessarily help to explain the low water
extraction rates in H.P. turbines since the droplet size is linked to the degree of supersatu-
ration present before reversion. If, however, the rates of expansion on the suction surface
were controlled, it may be possible to alter the degree of supersaturation or subcooling
and thereby influence initial droplet sizes and their subsequent collection.

5. Conclusions

1. The performance of an early turbine remained unchanged when the steam supply
was ionized by electrical discharge. This suggested that, unlike a nozzle, a turbine does not
exhibit a significant degree of subcooling, causing Martin’s supersaturated design concept
to be rejected. ’

2. Hot wire measurements behind the last stage of an L.P. turbine model indicate the
presence of droplets exceeding 0.03 pum in diameter as soon as the exhaust condition falls
below the equilibrium saturation line.

3. Calculations based on the mean rate of expansion through the last row of moving
blades suggest that the intensity of condensation had not risen to a level which could be
identified with reversion. Consequently, these calculations must be repeated to allow for
the variation in expansion rate that exists between blades. It is important to note, however,
that wet steam traverses made in the model and the full scale machine yield comparable
flow patterns assuming an equilibrium steam state, although the expansion rates differ by
a factor of three.

4. Evidence from an experimental H.P. turbine would suggest that a significant degree
of supersaturation is present, but, unlike a nozzle, progressive reversions appear to take
place over several blade rows.

5. It is likely that such reversions take place after the high initial acceleration close
to the blade suction surfaces where subcooling and the nucleation rate would be at its hig-
hest. ’

6. Should the disturbance associated with reversion coincide with a high diffusion
rate on the blade suction surface, then boundary layer separation is possible which may
explain high initial wetness loss factors measured in turbines by Miller and ourselves.

7. It may be possible to minimize initial wetness losses in turbines by reducing suction
surface loading, thereby reducing the initial acceleration so that the subsequent rate of
diffusion can be reduced.

Acknowledgements. The author wishes to thank C.A. Parsons and Co. Ltd., for
their permission to publish this paper, and also Mr. J. Simpson, Mr. D. H. McAllister and
Mr. F. Openshaw who conducted the experimental work. His thanks are also extended
to Dr. F. Bakhtar and his colleagues of the University of Birmingham who computed the
nucleation rates and droplet sizes in the model L.P. turbine.



Wilson Point Experiments in Turbines 347

References

[1] H. M. Martin, A new theory of the steam turbine. Engineering Vol. 106, July 1918, London U.K.

[2] T. Robinson (Editor), The work of Sir Charles Parsons. Experiments with steam jets in connection
with supersaturation hypothesis. Heaton Works Journal, Summer 1947, London U.K.

[3] A. M. Binnie, J. R. Green, An electrical detector of condensation in high velocity steam. Roy.
Soc. Proc. Series A Vol. 181, 134. 1942-43, London U.K.

[4] G. Gyarmathy, H. Meyer, Spontaneous condensation phenomena. (Parts 1 and 2) VDI For-
schungheft 508 1965 CEGB Trans. 4160, Germany. 3
[5] N. N. Ermashov, N. M. Markov, Investigations of piezometric heads for measurement of wet

steam flow parameters. 1ZV, VUZ Energetika, 8 No. 2, 1965, 70-76, CEGB Trans. 4334 USSR.
[6]1 G. Gyarmathy, Basis for a theory for wet steam turbines. Bull. 6 Inst. Therm. Mach ETH 1960
Zurich CEGB Trans. 3387, Switzerland.
[71 G. Mie, Beitriige zur Optik triiber Medien, speziell kolloidaler Metallosungen. Ann. Physik (4) 25,
377 (1908) Germany.
[8] R. B. Penndorf, New tables of total Mie scattering coefficients for spherical particles of real re-
fractive indexes (1.33<n<1.5). J. of Optical Soc. of America, Vol. 47, No. 11, 1010, 1957 USA.
[9] G.Gyarmathy, F. Lesch, A. Siegenthaler, Spontaneous condensation of steam at high pressures.
I Mech. E. T & FM Conference Pub. 3, p. 186, 1973, London U.K.
[10] M. J. Moore, P. T. Walters, R. I. Crane, Prediction of fog size in wet steam turbines. I Mech. E.
T & FM Conference Pub. 3, p. 107, 1973, London U.K.
{11] E. H. Miller, P. Schofield, The performance of large steam turbines with water reactors. ASME
Winter Annual Meeting 1972, New York, USA.

Appendix 1

Determination of the minimum droplet diameter
intercepted by the hot wire probe

The problem was reduced to finding the trajectory of a spherical droplet in the flow field around an
infinitely long cylinder lying with its axis normal to the flow. The droplet was initially assumed to be
travelling with negligible slip in the vapour phase and two-dimensional incompressible flow was assumed
around the cylinder, ignoring thermal influences from the wire.

To avoid underestimating the size of droplet intercepted by the wire, the reduction in drag coefficient
associated with slip flow (high Knudsen numbers) was deliberately ignored and the Langmuir drag
coefficient

24
CD=IT(1 +0.197Re®%*+2.6-10"* Re*"**),
e

which had been programmed for other calculations, was retained. It will be observed, however, that at low
Reynolds numbers (Re) this relationship reduces to the Stokes form

o 24
hE Ré i
If v and u are the vertical and horizontal velocity components of the vapour phase and v; and #,
the corresponding components of the droplet, then the relative velocity components of the droplet in
the vapour are (v—v;) and (u—u;). Since drag acts in the direction of the resultant (g) of these relative
velocities, we have
g
Drag=—2 CD—4psq (1)
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and the components of the momentum equation in the vertical and horizontal directions are

dvgs 3 D

e el e =

Rt q(v—uy) 2)
and

du; 3 Ps ;

e e —uy), 3

P ey q(u—uy) 3)
where

q2=(v—-v1)2+(u—u1)2. 4y

The expression @ = U(z+1/z) can be shown to transform from a parallel flow field in the image plane
{w) into the flow past a cylinder of unit radius in the actual plane (z), where z=re'’ in polar coordinates
and U is the vapour velocity far upstream.

Velocities in this z plane are given by

and by equating real and imaginary parts we have

20
5 U(0052 2 1) 5)
r
and
in@
il (6)

r

conversion to cartesian form being effected through the relationships tan O=y/x and r?=x2+y2.
A finite difference calculation can now be made combining equations (2), (3), (4), (5) and (6) to
determine the position of the droplet in the z plane after successive discrete time intervals.
To establish the smallest droplet likely to collide with the wire, the calculation was conducted for
a series of droplet sizes, the starting position being 5 wire diameters upstream and 0.05 of a diameter
above the stagnation streamline. Trajectory plots were subsequently made to establish the minimum
droplet diameter to collide with the wire.

Appendix 2

Manometer pressure correction for supercritical
constant bleed purge system

If the inlet pressure and temperature to the bleed control nozzles are -atmospheric and the pressure
ratio supercritical as in the model turbine, then the bleed mass flow will be proportional to the nozzle
area, i.e.

m=kia (see nomenclature). (1)

The bleed velocity in the gauge line be given by:
e e 2)

and if laminar flow conditions prevail, then the pressure drop will be proportional to the velocity or
AP=Fk,V. 3)
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\

Substitution of equation (2) in equation (3) gives

k
Ap= @
pA

If p approximates to the density at discharge, then, by substituting equation (1) in equation (4):
AP =k3a . (5)

Under these circumstances, the error in pressure resulting from the bleed is proportional to the nozzle
area.

Badania doSwiadczalne punktu Wilsona w turbinach
‘Streszczenie

W ostatnich latach wiele prac teoretycznych pos$wiecono poziomom przesycenia w turbinach
i punktowi przeciecia linii ekspansji z linia Wilsona, wplywajacych na liczbe i wielko$é tworzacych
si¢ kropel wody i ich zdolno§¢é wywolywania erozji. Obawa przed uszkodzeniem lopatek i spadkiem
sprawnoéci, szczeg6lnie w turbinach zasilanych para nasycona, stanowi bodziec do coraz intensywniej-
szych badan prowadzonych przez producentéw turbin w celu wyjasnienia i oceny wplywu przesycenia
na warunki fizyczne panujace w turbinie.

Pierwsze doSwiadczalne badania tworzenia si¢ zarodzi kondensacji prowadzit w zakladach w Heaton,
w latach 1921 - 1925, Sir Charles Parsons przy wspotpracy prof. H. L. Callendara. W badaniach postu-
giwano si¢ dyszami i turbing parowa; wplywajaca para sucha byla poddawana jonizacji za pomoca wyta-
dowania elektrycznego. O ile wyniki badan w dyszach wskazywaly na mozliwo$¢ kontrolowania przesy-
cenia przez jonizacje, o tyle w dziataniu turbiny nie wykryto zadnych zmian.

Druga grupe doswiadczen przeprowadzono w roku 1972 na modelowej niskoci$nieniowej turbinie
parowej. Celem ich byto ustalenie, czy teoretyczne poziomy przesycenia osiagalne w takim modelu sa
reprezentatywne dla przeplywow zachodzacych w turbinie o normalnych rozmiarach. Postugujac sie
metoda cieplno-oporowa Binnie i Greena wykryto obecno$¢ wody tuz po przekroczeniu linii rownowagi
nasycenia. Wskazuje to na wystepowanie zalamania si¢ stanu przechlodzenia przynajmniej w czesci
przeptywu. Ponadto stwierdzono dalsza zgodno$§¢é obrazu przeptywu w turbinie modelowej z obrazem
w turbinie normalnej wielkoSci.

Ostatnie badania do$wiadczalne, przeprowadzone w wysokoci$nieniowej turbinie na pare mokra,
w ktorych zastosowano metode ekstynkcji $wiatta dla pomiaru wielkosci kropel oraz wilgotnosci poka-
zaly, ze zalamanie si¢ stanu przechlodzenia nie jest zlokalizowane w jednym miejscu, tak jak w dyszy,
lecz rozcigga si¢ na kilka rzedow fopatek. Stwierdzono, ze mgta staje sie coraz gestsza w miare postepu
ekspansji. Zmniejszenie mocy wyjsciowej spowodowane tym procesem bylo znacznie wicksze niz po-
czatkowo sadzono.

OKcCHepPHMEHTAIbHbIE HCCIEIOBAHNA TOUKA
Buabcona B Typomnax

Pesrome

B nocnennue rogel MHOTHE TEOPETHIECKHE PAGOTHI MOCBAMIAINACH YPOBHAM IEPECHIECHES B TypOu-
HaX ¥ TOYKE NEPECCUCHNS IMHAY PACIIAPEHNS C JIMHUEH BANbCOHA, BAMAIONMX HA KOJIXYECTBO M PA3MEDPEE
06pasyromuxcs BOISHBIX KaIlejib X WX 3PO3HOHHYIO CIOCOGHOCTh, ONacHOCTE Pa3pyIeHHs JONATOK K HO-
HIDKEHUS K.I.J., OCOOCHHO BO BIAXHONAPOBBEIX TypOWHAX, ABISETCS CTEMYJIOM BCe 60Jiee HHTECHCHBHEIX
¥CCIICNOBAHMM, IPOBOAMMBIX 3aBOJAMU-U3TOTOBUTENSAMHA TYPOWH C LEJIBIO BLISCHEHUS M OLEHKU BIUAHMS
MePECHIICHAs HA DHU3MYECKHE YCIOBAA B TypOmHe.
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TTepBEle BKCIEPAMEHTAIBHBIE HCCIEIOBAHKS o0pa3oBanus 3apOABIIIeil KOHACHCAMHA IIPOBOIHINCE
B 1921 - 1925 r.r. Cup Yapnecom ITapcOHCOM B COTPYLHWYECTBE C mpodeccopom X. JI. Kamrenmapom
Ha 3aBOZ€ B XUTOH. B ncCnenoBaHusX MOIB30BAACH COMIAMY T napoBoi Typburoit. Cyxoif map HA BEI-

XOJle IOABEPTaNCs HOHU3AIUHA C MOMOIIBIO SJIEKTPHYECKOTO paspsina. HackoIbKO pe3ybTATEL MCCTeno-
' BaHuif B COMTAX TOKABEIBAIM HA BOIMOKHOCTD KOHTPOJIsl IE€PECHINCHAS HOHU3ANHEH, HACTOJILKO B paboTe:
TYPOWHBI HE OOHAPYXKEHBI HUKAKHE W3MEHEHMS.

Bropast rpynma 3KCIEpEMEHTOB ObLTa HpoBeIeHA B 1972 r. HA MOIENBHOMN mapoBoit Typ6ure HJI.
Ienpro aTEX mCCTefoBanmit GBUIO ONpENETCHHE, SBISIOTCH M TEOPETHUCCKHE YPOBHE TIE€PECHIIICHUS,
JOCTUTAEMBIE B TAKOM MOJENM, XapaKTEPHEIMA [IsL TEUCHU B TypOUHAX HATYDPAJILHBIX Pa3MEDOE.,

TTonp3ysck TEPMHUYECKO-DE3UCTAHTHBIM METOZOM Bunan-I'puna, 0OGHAPYXEHO IPHCYTCTBUE BOIEI
€pasy xKe IIOCIIC NCPECCUCHNS JIMHIY PABHOBECHS HACHIIEHNS. ODTO YKA3BIBACT Ha MPOBAJ COCTOSHIS MEpe-
OXWAXMCHAA IO KpakHel Mepe B 4acTy Tevenms. Kpome Toro, 06HapyKeHa XOpOmias CXOAHMOCTh Kap-
THHBL TEUCHHA B MOZCIBHOM TypOuHE ¢ KapTHHOW TEYCHWs B HATYpalbHON TypOHHE.

TMocnenBre sKCnepHMEHTATBHEE ACCHCNOBAHNS, TPOBEIEHHEIE BO BIAKHONADOBOH TypOHHE BEICO-
KOT0 [ABJCHUA, C MPUMEHEHMEM METOLs SKCTHHKIUM CBETA JUIsi 32Mepa PasMEPOB KANeshb, MOKA3AJIH,
9TO MpOBAJI COCTOSHMS NEPEOXNAXKICHNS HE MPOMCXOAUT B OHOM MECTe, KaK B COIUIE, HO DACIPOCTpa-
HACTCS HA HECKOJBKO PANOB JomaTok. KOHCTATHPOBAHO, 9TO TymaH CTAHOBHTCS BCE CHIIBLHEE IO MEPE
Da3BUTHS SKCHAHCHU. VMCHBIICHHE MOINHOCTH, BBISBAHHOE 3THM IIPOLECCOM, OKA3aJOCh 3HAYHTEILHO
60IBIIIM, YEM 3TO MOXHO OBILIO PAHBINE OXHAATH.



