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Wilson Point Experiments in Turbines

Nomenclature

l - bleed linę area,
a - orifice area of bleed nozzle,
C - calibration factor,

C2 - drag coefficient,
d - droplet diameter,
e - Naperian base,

z - complex operator /-1
r( - scattering atea coefficient,
ł - constant,
/ - length of light path through vapour,

łn - bleed mass flow,
P7 - total head pressure,
P5 - static pressure,
Pe - datum static pressure,

Ą - probe pfessure,

4 - resultant velocity of drop relative to
vapour flow,

r - polar coordinate radius,
rRe - Reynolds number based on droplet dia-

meter and slip velocity,
T7 - total head temperature,
75 - static temperature,
l * time,

{/ - vapour velocity far upstream,
u - hotizorńal component of vapour velo-

city,

ut - horizontal component of dropiet velo-
city,

V - velocity in bleed line,
V6,, - photocell voltage (dry steam),
Vwet - photocell voltage (wet steam),

o - vertical component of vapour velocity,
o1 - vertical component of droplet velocity,
}, - wetness fraction,

,w. - arithmetic mean wetne§s fraction,
x - horizontal coordinate of droplęt,
y - vertical coordinate of droplet,
z - actua| flow plane z:xłiy,
6[ - wetnes§ ioss correction factor

Ę*:4a(1 - d,lł^) ,

lP - bleęd pressure correction,
qa - dry total head isentropic efrciency,
4w - węt total head isentropic efficiencn
0 - potat coordinate angle,
ź - wavelength,
d - scattering coefficient,
p" - density of steam,
p. - density of water,
al - image plane of transformation

/ 1\tł:I z+ -|\ Zl

1. Introiluction

Supetsaturation in steam as it expands below the equilibrium saturation linę is chara-
cterisęd by subcooling of the vapour to a tempefature below the saturation or equilibdum
value associated with the prevailing local pressure.

* C. A. Parsons & Company Ltd.o Heaton Works, Research & Development Laboratories, New-
castle upon Tyne.
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328 A. smith

rn a "sPontaneous" or "§elf" 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 rełieves subcooling, then reversion is said_ to have taken place,
this often being referred to as thę Wilson Point.

Several investigators have shown experimentally that this physical description of
sPontaneous nucleation is valid for convergent divergent nozzles, moreovef, 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
Teactors, 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, thę first
part being directed at nozzlę experiments and the second at turbine trials [2],

Thę nozzlę experiments (Fig. 1) showed that reversion could be suppressed by applying
a high-voltage colona discharge acros§ 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 ionizęd 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 installęd 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(> i02o per
sec per nr3).



1. Condensation induced il a nozzle by high-voltage ionization; a) without ionization, b) with
ionization

Fig. 2. Turbine used for ionization experiments
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The experiments wefe concluded by ionizing the steam inside the nozzle by electrically-
hęated 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 stęam
turbines.

3. Model L.P. turbine experiments

Intęręst in supersaturation waned for many years because of the progressive reduction
in wetnęss 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 cataśtrophic influence
on blade life. Although interest was rekindled just as much at Hęaton 'Works 

as elsęwhere

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 3.45m
tip diametęr last row blading (Fig. 3), The shaft output was dissipated in a directly coupled
hydraulic dynamometer, toique 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 pres§ures of the turbine were con-

trolled to 0.76 and 0.045 bar respectively, which enabled the terminal condition of the stęam

to bę 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 inlęt temperature was controlled by desuperheating the works steam supply in a diręct
contact desuperheater of .the steam blast atomizing type, a design which had been proved
very effective with overall energy balances within zkJ|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 ofhot 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
nozzlę 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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VARlABLE REslsTANcE

cELL

Fig. 5. Hot wire resistance measurement

Fig. 4. Hot wire probe

resi§tance. In dry steam, the ręsistance rises continuously as the wire temperature increases
with current, but in \Ą,et stealTl. evaporation of surface moisture initially prevents the lem-
Perature and the resistance rising until the heat input is more than sufficient to evaporate
the water reaching the surface. By comparing the shapes ofthę resistance y. current char-
acteristics, Binnie and Green contended that not only could dry steam be distinguishęd from
Wet steam, but that measurements taken in the supersaturated zone of a nozz|e had similar
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Wilson Point Experin-rents in Trrrbines

resistance characteristics to dry steam. Proof of the instrument being in the supersaturated
zone was based on an axial traverse along the centre linę ofthe nozzle in which the position
ofchange in resistance characteristic was found to agree with a local pressure discontinuity
registered on wall static tappings.

Thę hot wirę for the first C.A.P. probe was constructed from 50 pm diameter tung§ten
*,ire, 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 lowqręsistancę copper supports,
making compensation for internal lead resistance unnecessary and also providing the neces_
sary ductility to ęnable them to be fused into glass to form a pressure-tight seal.

ENTRoPY

Fig. 6. Nozzle traversing positions and expansion diagram

Trials were made in a convergęnt 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 latęr to thermo-electric or galvanic effects
at the welded junctions. There followed numęrous 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 tlre 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 doublę Kelvin Bridge to rnęasure resistance becausę ofits 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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Fig. 7. Hot wiie resistance characteristics
from convergent nozzle; a) dry character-
istic upstream of nozzle-position,ł.
b) dry characteristic in metastable zone

at lozzlę throat-position B

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 l5.7 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. tsy taking resi§tance characteristics over a rangę ofaxial positions from A 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 thę steam had not

reached the Wilson Point or that water droplets were being deflected past the wire.

Further tfajectory calculations on the 13 pm diameter wirę indicated that the smallesi

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

In extending the hot wire techniquę to the model L. P. turbine, measurements were made
:ehind the last moving blade row because the mean rate of expansion and subcooling
folential was at its highest over the last stage. Here pressure ratios were sufficient to gene-
3te transonic velocities in the blading, the probe approach velocity, however, remained
;,.:bsonic so that bow wavę shock induced reversion problems were absent. A fixed radial
;...sition ot 4Ol of the blade height from the inner diameter was also chosen for the measu-
::ments (Fig. 8), this being clear of secondary loss zones and the wakes from the lacing
;ires 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
r..tated to lie normal to the direction of flow, local measurements of total and static pressu.
:: and total temperature also being necessary to determine the terminal condition of the
erpansion. Both yaw angle and static pressurę were obtained from a disc type instrument
rł,ith separbte side tappings (Fig. 9a). Yaw angle was obtained by coupling the side tappings
]g-l 8 lTlollofieter 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-
:ion related to the dynamic pressure difference:

P'- P"

Pr-P"

a)
]ru

Jó
ló
I

l

Fig. 8. Cross-section through model L. P. turbine showing measurement position
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Fig. 9. L.P. turbine instrumentation; a) static pres§ure and yaw probę, b) total pIessuIe probe, c) pitch
probe, d) totai temperature probe

An inclined Ermashov [5] shielded probe (Fig. 9b) was adopted to measure total
pressufę which could be rotated about its stem into the yaw direction of flow, but relied
on the insensitivity ofits head to incidęnce 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. 9c). 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 bę 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 emplóyed a sensitivę thęrmistor (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 wa§
recorded on a bridge, the sensitivity of the measurement being 18 Q for 1K c.hange in tem-
perature so that temperature changes of0.1K could be readily detected.

Blockage of the small bore hypodermic pressure tubes by condensation was avoided,
by a continuous air purging system (Fig. 10), thę air passing through ceramic filters before
being metered through small nylon spinnerette nozzlęs. These were of 40 pm and 80 p,m

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 truc
pressure could be ęstimated by extrapolation to zero bleecl. In this particular application-
moreovęr, the pressure ratio over the orifi.ces exceedęd the critical value, so that the pressure



Wilson Point Experiments in Turbines 337

A P - BLEED
coHREcTloN
Pr = TOTAL PRESSUFiE
PD. DATUM PRESSURE
atar.AREA oF BLEED
oRlFlcEs

Fi,g. 10. Continuous bleed system

readings varied linearly with area (Appendix 2); the redundant third rea,ding con§equently
served as a check on whether the probe had remained unblocked. In the case ofthe pitch
meter, however, only a single bleed to each tube was found necessary, the instrument
being checked for blockage with the turbine at rest bęfore 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 A) 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 nozzlę (Fig. 1 1, 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

:: Prace IMP z, 'i0 -72



L)4aFż
u,l

ENTPoR/

Fig. tl, 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 bę exceeded close to the convex blade surface§ where initial accelerations are higher
than average).

Although this experiment proved disappointing in not providing positive evidence
ofhigh 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 experirnents

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 watęr moderated reactor systems. In these systems saturated steam is produ-
ced at pressure levels ranging from 40 to 70 bar so that the steam enthalphyfalls below the
peak saturation level. Before entry to the H.P. turbine, the steam is therefore throttled
to a slightly węt condition and if no męasures were subsequently takęn to ęxtract moisture
and reheat the steam between the H.P. and L.P. turbines, the terminal wetness would
excned2Ol.

To avoid erosion damage and excdssive 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 ofturbine, 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-
fficult in H.P. turbines because fewer large second generation droplets exist and the higher
steam density exerts a higher drag for a given stęam velocity so that the droplets tend to
remain steam borne,. and are not centrifuged from moving blade surfaces to the cylinder
n,alls as free water where they can be drained,

Description óf equipment

To study these high-pressure extraction problems a fourteen-stage 50l 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 (P) [6] as the H.P. turbines of the
540 MW machines supplied for the Pickering Candu type PWR §ystem, with the intention
of reproducing the nucleation conditions of the full-scale machine. The following five
stage§ constituted a transitional zone, feeding four detachable stages modelled initially
lo have similar blading geometry to the Pickering H.P. turbines.

The model was dósigned for an inlet pressure of 20bar, which was as high as the 'Works

:Łailers would allow, the inlet superheat being controlled by an elaborate desuperheating

=.

L



Fig. 13. Cross-section through experimental H.P. turbine
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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, 6l 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
pre§sure. Two sets of sight glasses were also provided along each side of the cylinder cover
so tbat observations could be made through the steam across the top of the shaft between
the first seven stagęs.

Experimental investigation

Unexpectedly high wetness losses as well as poor extraction belt performance at high
pre§sures prompted investigations to establish their causes by establishing the physical
condition ofthe steam in the turbine,

At an inlet pressure and temperature of 8.45 bar and 45I K and an overall pressure
rutio of 4.1, it was observed that the steam was clear after the second stage, the equiiibrium
saturation line having been crossed in this stage. Intermittent wisps of fog passed acro§s
the viewing position after the third stage, but after the fouth stage it was found possible
to make droplet size and wętness measufements using the Mie [7] light extinction technique.

Collimated white light from a q\attz 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
electromotivt force from this cell had been calibrated against light intensity using neutral
density filters. This enabled the extinction coefficient (o) to be deduced from the ratio of
the voltages obtained'under wet and superheated steam conditions using the calibration
{V*olYu,r)'lr4:'ęol, where / was the optical length of thę steam path.

Thę extinction coefrcient parameter (o/) was subsequently derivęd experimentally from
turbine measurements for each of the nine filter wavelengths (ź) enabling a double logarith_
mic plot of o/ against 1| ). 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

/ 2d\K Iwhere K:-=- o I to a droplet diameter/wavelength pararneter (rdll). By adopting\ 3, J
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 \ as compared with the equilibrium value of 1l.

Instead of the light becoming suddenly opaque in the tutbine, as observed in H.P-
nozńe experiments [9], progressive diminution of the light transmission took place unti§

the density of the fog completely obscured vision after the sixth stage. It would therefore
appear that, instead ofthe intensity ofcondensation rising abruptly as in anozzle 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 closę to
the convex blade surfaces is subjected to a considerably higher initial expansion rate than
ayerage and may consequently reach its Wilson limit earlier. The vapour in the remainder
ofthe blade pa§sage however would suffer less seyere rates ofexpansion so that it may re-
main subcooled to varying degrees until it passes sufficiently close to the suction surface
ofblading 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.

MEAN WETNESS%(Jm,I

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 pres§ure gradient created by the suction surface decęleration 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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coemcients 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

l. 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 supersatulated design concępt
to be rejected.

2. Hot wire measurements behind the last stage of an L.P. turbine model indicate the
presęnce of droplets exceeding 0.03 pm 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 ręversion, 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 travęrses made in the model and the full scale machine yield comparable
ff.ow 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 ręversions 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 srirfaces whęre subcooling and the nucleation rate would be at its hig-
hest.

6. Should thę disturbance associated with fęversion coincide with a high diffusion
rate on the blade suction surface, then boundary layer separation is possible which may
explain high initial $/etness 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.
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Appendix l

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 ffow field around an
infinitely long cylinder lying with its axis normal to the flow. The droplet was initially a§sumed to be
travelling with negligible slip in the vapour phase and two-dimensional incompressible flow was assumed
around the cylindern ignoring thermal influencęs from the wire.

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

)^ ^ u' 
+ 2.6. lo- 4 

Re1 
,34) 

,C":^Gł0.197Re"'

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

C,:Ł.
Rd

If o and u are tinę vertical and horizóntal velocity components of the vapour phase and Dt and ut
the corresponding components of thę droplet, then the relative velocity components of the droplęt in
the vapour arę (u -u) and (u- u), §ince drag acts in the direction of the resultant (q) of these relative
velocities, we have

3Ę

lndz^Drae: ,Co o P,Q' (1)
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and

conversion to cartesian form being effected through the relationships tanO:y|x and r2:x2*y2.
A finite difference calculation can now be made combining equations (2), (3), (4), (5) aud (6) to

determine the position of the droplet in the z plane after successive discrete time intervals.
To establish the smallest droplet likely to coltide with the wire, the calculation was conducted for

a series of droPlet sizes, the starting position being 5 wire diameter§ up§tream 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.

and the comPonents of the momentum equation in the vertical and horizontal directions are

da1_3 n P"
*: o ',*q(D- 

u) (2)

and

I#:+ c,L q(u- u,) , (3idtĄpn
where

q":1u-ar)" ł(u- rr)' . {4\
The exPression a= U(zł 1lz) can be shown to transform from a parallel flow field in the image plane

(al) into the flow past a cylinder of unit radius in the actual plane (z), wllete z: re'o in polar coordinat.s
and U is the vapour velocity far upstream.

Velocities in this z plane are given by

u_iu:-Ł:-u(r-r)dz \ z"l
l cos20 sinO\: - r(, -_T+i -7)

and by equating real and imaginary parts we have

,:,(ry-,)
sin dD:U-

(5)

(6)

Appendix 2

Manometer pressure correction for supercritical
constant bleed purge system

Ifthe inlet Pre§sure and temperature to the bleed control nozzles are_atmospheric and the pressrire
ratio suPercritical as in the model turbine, then the bleed mass flow will be proportional to the nozże
area, i.e.

m: kta (see nomenclature).

Thebleed velocity in the gauge tine be given by:

m";y:-,
pA

and if laminar flow conditions prevail, then the pressure drop witt be proportional to the velocity or
L,P:kzY. (3)

(l)

(2)
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§ubstitution of equation (2) in equation (3) giv€s

kzmor:ź. (4}

If p approximate§ to the density at discharge, then, by substituting equation (1) in ęquation (4):

L,P: ka,a . (5)

Under these circumstances, the error in pressure resulting from the bleed is proportional to tbie noz,zle
area,

Bailania iloświadczalne punktu Wilsona w turbinach
'streszczenie

W ostatnich latach wiele prac teoretycznych poświęcono poziomom przesycenia w turbinach
i punktowi przecięcia linii ekspansji z linią Wilsona, wpływających na liczbę i wielkość tworzących
się kropel wody i ich zdolność wywoływania erozji. Obawa przed uszkodzeniem łopatek i spadkiem
sprawności, szczególnie w turbinąch zasilanych parą nasyconą, stanowi bodziec do coraz intensywniej-
szych badań prowadzonych przez producentów turbin w celu wyjaśnienia i oceny wpływu przesycenia
na warunki fizyczne panujące w turbinie.

Pierwsze doświadczalnebadania tworzenia się zarodzi kondensacji prowadziłw zakładach w Heaton,
w latach t92| - 1,925, Sir Charles Parsons przy współpracy prof. H. L. Callęndąra. W badaniach poslu-
giwano się dyszami i turbiną parową; wpływająca para sucha była poddawata jorizacji za pomocą wyła-
dowania elektrycznego. O ile wyniki badań w dyszach wskazywały namożliwość kontrolowania przesy-
cetńa prńz jonizację, o tyle w działaniu turbiny nie wykryto żadnych zmian,

Drugą grupę doświadczeń ptzeprowadzono w roku 1972 la modelowej niskociśnieniowej turbinie
parowej. Cęlem ich było ustalenie, czy teoretyczne poziomy przesycenia osiągalne w takim modelu są
reprezentatywne dla przepływów zachodzących w turbinie o normalnych rozmiarach. Posługując się
metodą cieplno-oporową Binnie i Greena wykryto obecność wody tuż po przekroczeniu linii równowagi
nasycenia. Wskazuje to na wy§tępowańe załamania się stanu przechłodzenia przynajmniej w części
przepływu. Ponadto stwierdzono dalszą zgodność obrazu przepływu w turbinie modelowej z obtazęm
w turbinie normalnej wielkości.

Ostatnie bądania doświadczalne, przeprowadzone w wysokociśnieniowej turbinie na pafę mokrą,
w których za§to§owano metodę ekstynkcji światła dla Pomiaru wielkości kropel oraz wilgotności poka-
zały, że załamanie się stapu przechłodzenia nie jest zlokalizowane w jednym miejscu, tak jak w dyszy,
lecz rozciąga się na kilka rzędów łopatek. Stwierdzono, że mgła staje się coIaz gęstsza w miarę postępu
ekspansji. Zmniejszenie mocy wyjściowej spowodowane tym procesen było zlacznie większe niż po_
czątkowo sądzono.

3lccneprłłrerrTaJlbnhle nccJIeAoBaHI{fl Totilfl{

Bnłrcona r rypdunax

PesroN{e

B uoc.rreAune roAFr MHoilłe TeopeTtrItecxtre pa6orrr trocBrqaJllłcB ypoBHflM rtepęcbrrqetllłfi r ryp6n-
HźxtrTolIKenepeceqeur,lr{fiwapacTrmpenuxc rnłrłrłefiBrrrbcoHa, BJIEIIoIqEX Ea KoItrtłecTBo tr pa3MępLI
odpasyroqrxc, BoAsrłBx (aneJlb u ID( 9po3aonllyro cnoco6goctr. Onacrrocrr pa3pymeĘr, JIotraToK tr tro_

nE)KeEE' x,n.A., ocooenHo Bo BJIfuKHonapoBbD( rypornax, fiBJIreTcff cTtrMyJIoM sce 6oIee uIITeECEBEEIX
trccfieAoBaEtrr, trpoBoIF\4bD( 3aBoAaMtr-E3roToBIłTęJIrMu ryp6un c qęrIBIo BbUIcHeEZf, }l oqem{Il BrIgrrEBr
trep€cLqentr, ua lfusnecxre ycJIoBtr I r ryp6rirłe.
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flePrrre grctrePtrMeIITaJIbHbIe lłccJleAorarłux o6pasoBanlr, 3apoArlnefi KoEĄeHc2TTrrĘ 11poBoAuJ16cb
s 192l - t925 t.t. CnP 9aPnecov flapcorrcou B coTpyAuxłecrne c npo(leccopou X. JI. Karrrrer,qapołr
Ea 3aBoAe B Xurorł, B rłccleAosarłuxx noJlb3oBa;Illcb colulaMtr tr trapoBoż ryp6urroż, Cyxoż nap ua nrr-
xoAe IIoABepraJIc' [oEIr3aIII{Ił c IIoMoIqbIo gJleKTpnlecKoro pa3prAa. Hacrorrrxo pe3yJIBTaTbI EccJIeAo-
BaEIłŻ B coIUIatX IIoKa3bIBaJIIl Ha Bo3MoxIIocTB xoIlTpoJL lrepecblĘenu, rłorrzsaquefi, EacToJIbKo s pa6ore,
ryp6lłrrrr rłe o6rłapyxerłBl EIłKaKtre IBMeHeI{nr.

Bropaa rpylma 9KcneptrMeEToB 6rrrra trpoBeleHa l t972r. rła voAerrułoft napoBoż rypoune HĄ.
I{ełrro gTD( IłccJIeAoBarmż 6rrno oĘpeAeJleH[e, ,BJIrIoTc, lrlł TeopeTlłqecxlłe ypoBHIl nepecbqeHur>
AocTRraeMbIe .B raxoŻ Mo,UeJIIł, xapaxTepHblMri 4ru reueHufi r ryp6uHax HaT)ipaJbnblx pa3MepoB.

florrrsYxcr TePMaqecKo-pe3I{cTaHTIIbIM MeToAoM Bnriav-Iprłrła, o6rrapyxerło trptrcyTcTBtre BoAbI
cPa3Y xe trocIe lrePeceqenxfl, łIrIEz:a paBnoBegm EacBItrleHIłr. 3ro yrasrrsaeT Ha IIpoBaJI cocTorg1nfi tr€p€_
oxJIaxAeEZrI no xPaŹneŻ Mepe B qacTa Teqenur, Kpoue roro, o6rrapyxeua xopoma, cxoAlłMocTb Kap_
TZHBI TeqeHIł, r uogerrsrłofi rypdzHe c xaprlrrroń TeqeIII4, B IIaTypaJI},Hoń ryp6nue.

flocłeAgze gKcEeptrMeI{TaJIbHbIe EccJleAoBa:r'zr, npoBeAeIłHlIe Bo BJlaxnollaporofi ryp§nrre ssrco*
Koro AaBJIeHurI, c EptrMeHeHI4eM MeToAa 9KcTtrHKItrI4Ił cBeTa AJI{ 3aMepa pa3MepoB KatreJIB, troKa3źuM,
qTo trpoBan cocTorllufi I]epeoxIarI{AeHIł, He IIpoucxoAIłT B oAHoM MecTe, KaK B colJle, Ho pacĘpocTpa-
IIreTcff Ha HecKoJIbKo pr,ąoB JIoIIaTor. KorrcrarnpoBallo, qTo TyMaH cTaHoBIłTc-E Bcę ctrJlbEee tro Mepe
Pa:}BtrTtr' 3KcnallcEtr. Vverłrrrrerłrłe MoIĄEocTI.l, BbI3BaHHoe 9TZM llpoqeccoM, oI(źBaJIocb 3EaIIaTeJIbHo
6orrrmnirł, qeM 3To MoxHo 6rrrro parrrrrre oxtrAaTB.


