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SIGNIFICANT SILICA SOLUBILITY IN GEOTHERMAL STEAM 

Russell James 

D.S.I.R., Wairakei, 
New Zealand 

ABSTRACT 

Although it is widely believed that silica 
solubility in low pressure (5 to 10 bar) 
geothermal steam is negligible, when one takes 
into account steam flows exceeding 10 million 
tonnes a year - at Wairakei, for instance - it 
is found that the amount transmitted in the 
vapour has the potential to give significant 
deposits on turbine nozzles and blades. 

A 150 MWe power station, when based on flows 
from a hot water reservoir at (a) 250 C or (b) 
315 C, and with separator pressures of 6 bar, 
is found to carry about 100 and 200 kg/year 
respectively in the steam phase. In the case 
of a similar sized station exploiting a dry 
steam reservoir such as The Geysers, equivalent 
silica flows are obtained, dissolved in steam 
and carried as dust - the latter as solid 
particles precipitating from the vapour en 
route from source to turbine, and not pre- 
existing in the formations as is commonly 
considered. Choking or coating of subter- 
ranean rock near such dry steam wells due to 
exsolving silica, may be the principal cause of 
declining steam discharge under production. 

Silica from completely dry or superheated 
steam can also seal the cap and sides of 
steam reservoirs when expanding below the 
criticus temperature (236OC) in a way 
previously thought possible only by hot water 
or wet steam. 

' 

INTRODUCTION 

The concentration of silica in subterranean 
hot water reservoirs is proportional to 
temperature; figures presented by Fournier 
(1973), Ellis and Mahon (1977), show that a 
value of 484 ppm would be associated with 
reservoir water at 250 C. When discharged 
at constant enthalpy from wellheads into 
separators at 6 bar pressure, the concentra- 
tion increases to 604 ppm due to the genera- 
Qfon of steam. To determine the small 
concentration of silica dissolved in this 
steam, Figure 1 is shown plotted from data 
presented by Coulter et al. (1956) for 
concentration ratios versus density ratios in 
steam and water. 
be drawn through the points for the usual 
near-neutral hot water of pH 6 to 8, and this 

0 

A fairly straight line can 

enables the following equation to fit the data: 

1., 12 
(1) Silica concentration in water = 

Silica concentration in steam 

where V and V are the specific volumes of 
steam a8d water respectively, which at 6 bar 
are 315.7 and 1.1006 litres/kg. At the 
separator pressure of 6 bar, 

604 
Silica concentration in steam = (-1 
Hence, silica concentration in steam = 0.00835 

PPm 
If the wellhead separators were 100% 
efficient - which is apparently the aim of 
some manufacturers - there would be no 
carryover water at 604 ppm escaping into the 
overland steam transmission pipelines and 
therefore the only silica passing towards the 
power house would be the amount dissolved in 
the steam phase with the very low concentra- 
tion given above. The steam power rate for 
turbines operating between 4.5 bar entrance 
pressure and 150 millibar condenser pressure 
is about 9.5 tonne/MWh, James and Meidav 
(19771, and so the required steam flow for a 
150 MWe project is:- 
150 (9.5) 8760 = 1.25 tonne/year 
Hence silica transported in steam = 

f 

0.008335 1.25 (10)~ 
(10) 

= 0.0917 tonne silica in steam/year 
= 91.7 kg silica in steam/year 

For a higher temperature reservoir water at 
315 C, the silica concentration would also 
be higher a$ 798 ppm compared with 484 ppm 
for the 250 C reservoir. The concentration 
in separated water at 6 bar would be 1255 ppm 
and in the separated steam would now attain 
0.01526 ppm which gives an amount of silica 
transmitted in steam lines for a 150 MWe 
project as 190.5 kg/yearocompared with 
91.7 kg/year for the 250 C reservoir. 

It is clear that, although the higher 
temperature reservoir is more attractive from 
a power potential viewpoint James (1986), it 
has some retrograde features with regard to 

-259- 



possible silica deposition in both separated 
water lines for reinjection, and in steam 
transmission lines. Silica concentrations at 
these locations is now more than twice that of 
the comparable 250 C reservoir. 

Silica deposition from reinjection water can 
take place within the overland water trans- 
mission pipelines, the reinjection wells and 
also in the interstices of the reservoir 
rocks. Much research is continuing in many 
countries into inhibiting such a deposition 
technically and economically but, up to the 
present, no technique has succeeded in both. 
Raising the pressure of separation has its 
advocates but lowers the efficiency of 
exploitation, increases costs and reduces the 
life of the field, hence is unacceptable if a 
more attractive alternative can be developed. 

0 

CYCLONE SEPARATOR EFFICIENCY 

Since the tests of Bangma (1961) observations 
at Wairakei show that some water escapes 
into the steam line of an amount equal to 
about 0.03% of the steam flow and that this 
carry-over water is in the form of a fine 
spray or mist with droplets averaging about 
1 micrometre in diameter. Such fine drops 
are virtually impervious to the centrifugal 
action of the separator under normal running 
conditions and are captives of the viscous 
inertia of the steam. If the steam pipe 
connecting the separators to the power house 
is short, a mist extractor with fresh water 
reflux (spray) removes this water prior to 
the turbines, as at Hatchobaru, Japan. For 
long pipelines as at Wairakei, heat loss 
causes growth of the drops while turbulence 
and differential velocity brings them to 
coalesce on the moist pipe wall (the 'fly- 
paper' effect) followed by drainage to the 
bottom of the pipeline. Extraction pots 
situated at intervals of about 100 m remove 
this mixture of carry-over and condensate so 
that the silica carried is reduced by 3 to 5 
orders of magnitude, with correct design, 
James (1975). 

For both short or long steam pipelines, 
silica dissolved in steam will not penetrate 
far down the line as carryover mist from 
separators would scrub it almost entirely 
from the steam. Calculations indicate that, 
for the flows considered, water droplets of 
1 micrometre diameter would be spaced a 
mere 100 micrometres apart in the carryover 
mist entering the steam pipeline. This degree 
of intimacy is much greater than that afforded 
by the wet pipe wall and effective due to 
heat radiation causing growth in droplet 
size (see Appendix 1). 

In fact, if it was not for the 'inefficiency' 
of cyclone separators, geothermal projects 
would probably have many problems with silica 
in steam exsolving within the nozzles and 
first blades of turbines. A senario to 
guarantee this condition would involve a 

separator of 100% efficiency followed by an 
insulated pipeline whose pressure-drop is 
designed to avoid condensate developing. 
In this case, silica would be kept dissolved 
in the steam until the highly localised 
temperature drop in the turbine nozzles 
made exsolving inevitable. Metastable 
flow in such nozzles means that the expanding 
(and cooling) dry saturated steam does not get 
wet until almost through the so-called 
Wilson zone (see Appendix 2). For an 
entrance steam pressure of 4.5 bar, theo 
nozzle steam falls in temperature by 20 C 
before becoming wet at about 2.5 bar; after 
this point increasing wetness keeps blades 
free from deposition. 

PROPORTION OF SILICA IN STEAM 

Under normal operating conditions similar to 
Wairakei, for a reservoir at 25OoC and a 
project of 150 W e ,  the mass of water 
escaping into steam linf6 is about 0.03% and 
steam flow is 1.25 (10) kg/year; hence 
the mass of water entering the steam 

6 - -  0.03 
- 100 1.25 (10)" = 3.75 (10) kg/year 

Silica content of this water is 604 ppm, so 
the mass of silica transported in water = 

6 - '04 3.75 (10) kg/year = 2265 kg/year 
(10) 

Silica in Steam % = - 91.7 (100) = 4.05% 
Silica in Water 2265 

This result is, of course, independent of the 
size of project and is indeed also independent 
of the reservoir temperature due to 
proportional factors cancelling, so we may 
take it that for 0.03% water carryover and 
6 bar separator pressure, the mass of silica 
dissolved in the steam line is only about 4% 
of that carried in water entering the line. 
This explains why work has concentrated on 
removing water while considering silica in 
steam as negligible. 

WORST CASE FOR DEPOSITION 

If a 'normal' Wairakei-style cyclone 
separator is followed by a well insulated 
pipeline but with a pressure-drop designed 
to keep the flowing steam completely dry or 
even slightly superheated, then the mist of 
carryover water will completely dry out to 
be replaced by a host of minute, probably 
sticky, mineral particles. These particles, 
together with the silica dissolved in the 
steam, will not only give trouble at the 
turbine, but no doubt will adhere to the 
pipe walls especially nearer the power 
station. Under such a design, it may be 
unattractive to rectify the condition by 
decreasing pressure-drop as this would reduce 
flow and megawatts. The economic solution 
requires spraying scrubbing water into the 
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line, followed by a separator prior to the 
turbine entrance. In this context, the 
balance between pipeline heat loss through 
insulation, and frictional pressure-drop of 
the flowing steam, is important enough to 
be the subject of another study, James 
(1986). Attempts at Wairakei to increase 
steam flow beyond design recommendations 
have resulted in just such deposition on the 
pipe wall and presumably in the turbines, 
and the practice has been discontinued, Keith 
Wilson (pers. comm.). 

CONDENSATE CORROSION IN STEAM LINES 

Effective extraction of carryover water has 
its drawbacks, however, as mineral-free 
condensate has corroded some of the long 
Wairakei steam pipelines, James (1980). To 
retard such corrosion to acceptable levels, 
it has been found necessary to retain a few 
ppm of silica in water, especially near the 
end of pipelines, where extraction pots 
finally remove this residual amount before 
steam enters turbines. 

Earlier on, it was anticipated that difficul- 
ties would be met in attempts to transmit 
steam-water mixtures to power stations, and 
also in piping saturated hot water for 
reinjection purposes while dry saturated 
steam should present relatively few 
problems. In practice, it has been found 
that the first two proved fairly easy to 
handle, James et a1 (1970), James (1979), 
whereas steam alone has continued to produce 
some surprising and inconvenient phenomena. 

ORIGIN OF GEYSER DUST 

The steam discharged from boreholes at The 
Geysers field, California, is believed to 
originate from water in the reservoir at 
about 236OC, James (19681, Truesdell and White 
(1973) ; such steam, after disengaging from 
the  subterranean liquid,travels through 
reservoir rock to the well feed horizon 
before rising to the wellhead and being piped 
overland to turbines of the power house. 

Taking a typical well, Budd (1973), as 0.254 m 
internal diameter (average for a telescopic 
profile) , depth 1.5 km and flow 75 tonnes/hr 
at a wellhead pressure of 9 bar, the bottom- 
hole pressure is calculated as 19 bar taking 
into account frictional pressure-drop and 
hydrostatic head of the steam column. Over- 
land piping of this steam to a turbine entry 
pressure of 8 bar is assumed. 

According to Budd (1973) the steam carries a 
continuous mass of dust requiring wellhead 
separators which remove 99% of the particles; 
dirt-legs are also placed at selected points 
in the overland pipeline to be discharged 
occasionally. 

Silica dissolved in reservoir steam can be 
calculated as previously from the concentration 

in water which, for a temperature of 236OC, 
comes to about 419 pp. 
From Equation 1, for 236OC and saturated 
steam 

419 
silica concentration in steam 

Silica concentration in steam = 0.15 ppm 

This is close to the value of 0.2 ppm given 
on Figure 2 from Sohre (pers. comm.) which 
is preferred here as the steam solubility 
can be followed along the path of declining 
pressure with flow, from reservoir to turbine. 
There is no significant difference between 
the solubility of silica in steam whether 
expanding along the dry saturated line of 
Figureo2 or whether at a constant temperature 
of 236 C, hence values close to the saturated 
line willobe taken. We shall assume a super- 
heat of 5 C at the wellhead pressure of 9 bar 
which, from Figure 2, gives a solubility of 
0.011 ppm. Hence the mass of s'lica exsolving 
en route from its origin at 236 C for the 
well described above is:- 

b 

75 000 (8760) (0.2 - 0.011) = 124.2 kg/year 
lo6 

For equilibrium solubility to prevail, this 
amount must precipitate as solid particles 
(the so-called Geyser dust) and as previously 
stated 99% of this is removed by the wellhead 
separators, leaving 1.24 kg/y entering the 
overland pipeline. This quantity is supple- 
mented by a further amount which exsolves as 
solubility declines to 0.009 at the end of 
the pipeline near the turbine entrance, and 
which equals:- 

75 000 (8760) (0.011 - 0.009) = 1.31 kg/y 
C 

10" 

The amount of silica still dissolved in 
steam at the turbine entrance is:- 

75 000 (8760) (0.009) = 5.91 kg/y 

lo6 

The total of these three quantities 

This applies to one well, the power potential 
steam rate from which = 8.62 kg/kWh, James and 
Meidav (1977), for steam expanding through a 
turbine from 8 bar to'150 millibar condenser 
pressure. 
Hence gross paver potential of one well = 

= 0.46 kg/y 

75 Oo0 = 8.7 
8.62 (1000) 
Silica transported in overland pipelines for 
a 150 MWe scheme = 

(8.46) = 146 kg/year which is inter- 150 
8.7 
mediate between the amounts transported for 

- 
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' hot water fields at reservoir temperatures of 
25OoC and 315OC. 

DEPOSITION WITHIN THE TURBINE NOZZLE 

For a single well, the amount of solid 
particles reaching the turbine is 
1.24 + 1.31 = 2.55 kg/y while the quantity 
still dissolved in steam is 5.91 kg/y. If we 
presume that only the rapid cooling of steam 
when expanding in nozzles and first blades 
can create conditions in which silica exsolves 
and forms an impermeable and tenacious 
coating, then only the latter figure will be 
considered. The solid particles are more 
likely to pass through the turbine intact and 
dispersed in the wet region, to add to the 
sludge in the base of cooling towers. 

0 Steam at 8 bar and 5 c of superheat when 
expanding at high speed through a nozzle, does 
not have sufficient time to get wet until it 
attains the Wilson line (theoretical wetness 
of 2%) which, for this initial condition, is 
about 4.5 bar pressure at which point the 
silica solubility has fallen to 0.0025 ppm 
from Figure 2. Hence, silica amount 
depositing in nozzle = 

loo 

Although the time for steam to pass through 
the nozzle is too short (less than a milli- 
second) for the thermodynamic equilibrium of 
water substance to occur - hence the delayed 
wetting of the steam - it is assumed that the 
chemical kinetics of silica deposition is 
fast enough to form the hard glass-like layer 
of silica which has been found in turbines at 
The Geysers and at the Kamojang dry steam 
field (Indonesia). The mass of silica 
coating nozzles and first blades for a 150 MWe 
scheme is therefore:- 

150 - (4.27) = 73.6 kg/y 

As has been pointed out*, the maximum 
acceptable deposition is about 7.5 kg/y for a 
150 MWe installation, hence the above amount 
is one order of magnitude high. 

Such deposits can lead to unbalance vibration 
and can also concentrate corrosives - althouth 
not necessarily corrosive themselves - and 
unless removed or avoided, can lead to blade 
failure. 
but the problem has now been solved with 
water spray injection near the end of the 
pipeline followed by a terminal separator, 
J. Farison (pers. comm.). 

This has happened at The Geysers, 

A patented wet scrubber has also been 
successfully used at the Dieng field, 
Indonesia, G. Shulman (pers. cam.), to 

* James (1975) suggested a maximum d e p o s i t i o n  
r a t e  o f  0 . 5  lb/y for  a 5 Mwe t u r b i n e .  

remove dissolved minerals from the carryover 
mist escaping into the very short steam line 
connecting a water separator to an atmos- 
pheric exhaust turbine, after scaling was 
found on nozzle and blades. 

Although the transportation of silica is 
fundamentally different for these two cases - 
being dissolved in steam in one, and in water 
droplets in the other, it is encouraging to 
find that the same solution for cleaning the 
steam, is effective for both. 

For the long steam pipelines of hot water 
fields similar to Wairakei, however, 
extraction pots are an efficient and 
economical technique in eliminating trans- 
ported minerals. A casual observer at 
Wairakei might however be disconcerted to 
find spray injection into some steam lines 
taking place, but as has been mentioned, 
this mineralized water injection is to 
replace silica and inhibit corrosion caused 
by the virtually complete removal of this 
mineral from the reactive and slightly acidic 
condensate formed en route. 

DEPOSITION IN RESERVOIR RESTRICTING STEAM 
FLOW? 

A considerable proportion of the solid 
particles calculated as being trapped by the 
wellhead separator of a typical Geyser bore- 
hole may, in fact, not reach the well at all 
having been retained in the surrounding rock 
of the feed zone. 
leaving water at 236 C with a silica 
concentration of 0.2 ppm and arriving at the 
well bottom pressure of 19 bar at constant 
enthalpy, a temperature of 212OC is 
obtained (2OC of superheat) with a silica 
concentration of 0.06 ppm. The amount of 
silica exsolved from source to well bottom 
is:- 

- 

Fgr dry saturated steam 

= 92 kg/y 75 000 (8760) (0.2 - 0.06) 
loo 

If this quantity is retained in the under- 
ground formation either as dust or as scale, 
it may of course be an explanation of the 
decline in well discharge of about 50% in 5 
years observed by Budd (1973). Rock heat may 
initially buffer the steam temperature at 
the well botkom to higher than the equilibrium 
valge of 212 C but even if it was held at 
236 C this would only increase the silica 
content from 0.06 to 0.065 ppm giving 89 kg/y 
instead of 92 kg/y - an insignificant 
difference. 

SILICA IN STEAM SEALS THE CAPROCK 

Dry saturated steam at a temperature higher 
than 236OC becomes wet on expanding through 
porous-permeable rock at constant enthalpy; 
if this takes place within a geothermal 
reservoir with an expansion upwards towards 
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the ground surface, then the water formed 
will drain downwards dissolving silica and 
thereby increasing the rock permeability, 
James (1984). However, continued expansion 
upwards at temperatures below 236OC results 
in the steam becoming not only completely 
dry but with progressively increasing super- 
heat at lower pressures and temperatures. 
Its solubility for silica is also progressively 
reduced as indicated in Figure 2. Hence the 
small amount of silica dissolved in this 
steam at 236OC will have to decline still 
further as the steam rises in the reservoir. 
The amount of exsolved mineral which is 
necessary to sustain equilibrium solubility 
will therefore coat or choke the interstices 
or fissures of the media above the level at 
which the temperature of 236OC exists, known 
here as the 'criticus'* temperature. It 
follows from this that there exists a strong 
tendency for increasing permeability below 
the criticus temperature and reducing 
permeability above it, hence sharply 
delineating the reservoir as a discrete 
entity with depth. Expanding towards the 
reservoir periphery should, similarly, result 
in sealing of the boundary walls although the 
integrity of such sealing may be suspect in 
tectonic regions. 

* " C r i t i c a l "  i s  an over-worked word a s  i t  
is alsooused fo r  t h e  steam temperature 
(374.14 ) a b o v e  which pres sure  a lone  w i l l  
nor cause condensat ion;  i t  i s  a l s o  employed 
as  the flow c o n d i t i o n  a t  w h i c h  s o n i c  
velocity o c c u r s ,  James (1962), and a t  lesser 
velocities a s  t h e  boundary between v i s c o u s  
and turbu len t  Reynolds'  number, S t r e e t e r  
(1966), t h e r e f o r e  i t s  extended use  here can 
o n l y  r e s u l t  i n  ambigu i t y .  Hence, because o f  
t h e  importance o f  t h e  temperature a t  which 
dry  s a t u r a t e d  steam has a maximum enthalpy 
(234 t o  238OC, depending which steam t a b l e s  
a r e  used)  for  an understanding o f  steam 
reservoirs, i t  would appear appropr ia t e  t o  
employ another t e r m  which has inheren t  t h e  
concept  of c r i t i c a l i t y .  
c r i t i c a l  temperature can be a l t e r e d  b y  t h e  
presence o f  d i s s o l v e d  chemicals or g a s e s ,  so 
a l s o  can t h e  c r i t i c u s  temperature,  James 
(1968), S e s t i n i  (1970), White e t  a l .  (1971), 
Tuesdel l  and White (1973), consequently  i t  i s  
n o t  a t e r m  o f  immutable va lue  d i vorced  f r o m  
t h e  chemis t ry  of a s s o c i a t e d  f l u i d s ,  l i q u i d  
and v a p o u r ) .  

And j u s t  a s  t h e  

CONCLUSIONS 

Silica dissolved in steam creates problems in 
pipes and plant of geothermal schemes which 
exploit both dry steam and hot water 
reservoirs where similar amounts are trans- 
ported from wellhead to turbine for the same 
power generated. Because it is highly dis- 
posed to enter any water present, it can be 
successfully eliminated by water extraction 
devices on long pipelines, or if the steam is 
completely dry (or superheated) by injecting 
spray water first. 

Sealing of steam reservoirs can be caused by 
silica leached from rocks by steam which 
first becomes wet when flowing at constant 
enthalpy, followed by drying-out of the con- 
densate formed, James (1984). But it is shown 
here that even completely dry steam (below the 
criticus temperature of 234 to 238OC) which 
expands through rock at ever increasing 
superheat with constant enthalpy can also seal 
the reservoir boundaries - top and sides - with 
silica. The precipitation of solid silica 
particles from such steam within The Geysers 
reservoir, wells and overland pipelines is 
probably the genesis of the so-called Geyser 
dust which is a contaminant of the discharge 
and thought to exist in the subterranean 
formations of the reservoir. It is hard to 
believe, however, that steam drag forces would 
not have swiftly cleared the formation of such 
small particles existing close to the well. 
For those further off, the formation itself 
should retain them more efficiently than the 
wellhead separators, as steam velocities fall- 
off rapidly with distance. If the viewpoint 
presented here is correct, however, a 
continuous stream of particles is to be 
expected. 
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APPENDIX 1 APPENDIX 2 

SCRUBBING OF SILICA FROM STEAM 

On a first examination, it might seem 
impossible that a mist of brine droplets 
which escape into the steam pipeline would be 
successful in removing silica dissolved in the 
accompanying steam, as the two phases have 
already coexisted in equilibrium within the 
swirling confines of the separator vessel, 
and are now moving along a 
roughly the same pressure. 

The reason is that the mass of liquid droplets 
now constitute only about 0.03% of the steam 
mass and this is also approximately equal to 
the mount of pure condensate which forms over 
100 m length of a short geothermal steam pipe- 
line, James (1986b). Heat loss from these 
droplets by heat radiation to the cooler pipe 
wall results in their becoming nucleation 
sites for condensation from the steam matrix. 
This leads to growing droplets consisting of a 
brine core surrounded by a pure condensate 
layer into which can dissolve silica from the 
vapour phase. Hence from the steam viewpoint, 
the droplets would be 'seen' as pure water 
since it is unlikely that diffusion of brine 
minerals into the condensing layer would 
exceed the rate at which the layer thickens. 
Therefore it appears probable that even for a 
short pipeline, brine droplets would scrub most 
of the silica from the steam into the liquid 
phase, (as has been pointed out, subsequent 
dry-out of these drops can occur within the 
highly localised pressure decline of turbine 
nozzles and blades, leading to mineral 
scaling). It is known that this phenomenon 
(of droplet growth) takes place on long pipe- 
lines as the minute brine droplets which 
initially are impervious to gravity and 
centrifugal forces (at bends) attain a size 
which eventually renders them sensitive to 
these effects so that they settle-out and 
coalesce on the pipe wall. Glass viewing 
ports in a 0.762 m diameter steam line at 
Wairakei have been used to examine the pipe 
flows at night employing artificial 
lighting. The steam is lucid with occasional 
patches of mist and a small stream of 
condensate runs along the bottom of the pipe. 
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DELAYED WETTING OF TURBINE NOZZLES AND BLADES 

If dry saturated steam expands through a con- 
vergent nozzle from 4.5 bar to 2.5 bar most 
of the steam follows an isentropic path so 
that the final wetness theoreticallyois 3.5% 
and the temperature has fallen by 20 C. The 
wetness has increased progressively from 
the dry entry condition and should arrest 
any tendency to deposition taking place on 
the wall of the nozzle. However, close to 
the wall is a layer of fluid which is 
moving very slowly (the so-called laminar 
sub-layer) within which streamline or viscous 
conditions prevail. The pressure in this 
layer declines in harmony with that of the 
steam mass expanding in the central region of 
the nozzle but due to the negligible velocity 
change within tihe layer, its expansion is 
isenthalpic wit.h a decline in temperature 
theoretically of 8OC from 4.5 bar to 2.5 bar. 
Hence, at the lower pressure, instead of 
being 3.5% wet as for the greater mass of 
steam, it is not only dry but has a superheat 
of 12.OoC or at least it would have if con- 
sidered as a separate and discrete entity 
free from turbulent mixing with the central 
steam. Between the laminar sub-layer and 
the high speed steam flux, is a turbulent 
region with velocities up to about 100 m/s 
within which mainly isenthalpic expansion 
still pertains and which tends to buffer the 
wall micro-climate against change. The 
high acceleration of central steam up to the 
speed of sound (%SO0 m/s) over a nozzle 
length of a few centimetres, would cause 
rapid thinning of the laminar sub-layer, 
turbulence within it and finally wall wetting. 
This may be the explanation of the phenomenon 
of delayed wetting of steam down to the 
theoretical 3.5% wetness; in other words, 
the steam becomes truly wet throughout its 
core but remains dry on the nozzle wall until 
a location is reached downstream at which 
moisture penetrates to the surface. 

Hence, it appears likely that silica from 
dry steam will adhere to the nozzle wall 
until downstream a point is reached at which 
the presence of water makes this impossible. 
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