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SILICA SCALING FIELD EXPERI MENTS

E K Moczek and G MDowel |

Chenistry Division, DSIR Wirakei

ABSTRACT

The deposition of silica from geothermal fluid
was investjgated as, a function of “tenperature and
flow rate in 6" nominal dianmeter packed gravel beds

and 1" pipes. Fuid, at tenperatures Detween 120
and 180°C and silica at supersaturation ratios of
2.7 to 1.4, was passed through the pipes and gravel

beds at flow rates of 3 and 30 1/min.

At the higher tenperatures of 160 and 180°C,
before the onsét of rapid nucleation, the deposition
rate was uniform across the length of the pipes at
about 60 cnf® year"".  This corresponds to a
[inear growth rate of 0.3 mmyear"". Al the |ower
tenperatures of 140 and 120°C where the silica was
rapidly polymerising the deposition rate was foun
to decrease from about 150 to 12 ng.cnf® year"
between the pipe inlet and outlet, ere appeared
to be no substantial enhancement of scaling rate due
to the high polymer concentrations at these |ower
tenperaturés and little difference between flow
rates of 3 and 30 1/min.

In contrast to the behaviour in the pipes
deposition in the gravel beds at 140 and 120°C was
significantly different at the two flows. A 30
Unmin_ the beds raP|dIy blocked with a soft porous
deposit right at the fluid inlet, while there was
verY little deposition anywhere in the gravel bed at
3 Unmn A the hlPher tenperatures of 160 and
180°C where the particle concentrations were assuned
to be low and molecular deposition was assumed to
be, the dominant process, deposition appeared to be
uniformacross the length of the beds.

| NTRODUCTI ON

Devel opment of a water donminated  geothermal
resource for power production my be  severely
constrained unless the problens of silica deposition
in plant equipnment, ‘transnission pipelines and
particularly in injection wells and the rock
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solids become concentrated and the effluent my
become supersaturated with respect to amorphous
silica, Separation at the saturation tenperature

wll mnimse scaling potential but is particularly
wasteful in utilising the available energy.

In addition to the silica solubility there are a
number of other factors which affect” the rate of
silica precipitation. The mechanisms of these
processes are in general well understood (Her
lg_1979), Weres and Apps (1982), Jamieson (1984) and
indle et al. (1984)). wever lack of experinental
data above room tenperature and the conpl exltP/ and
interaction of the processes make it difficult to
theoretically predict quantitatively the degree of

precipitation, Field tests ‘are the only
alternative.
EXPERI MENTAL

Reject bore water at the required tenperature

was fed to a test manifold which distributed the
fluid to two 150 nmdiameter 3.3 m long gravel (8 mm
mesh) packed vessels and two 1" diametér 45 m long
steam pipes. The layout is shown in Figure 1

The flow through each of the test wunits was
controlled by globe valves and the fluid could be
i ndividual I'y "bypassed to a 350 mm djameter silencer
where the "flow could be measured accurately b{

bucket and stopwatch. ~ Each unit and the 1nle
manifold were lagged with foil covered fibreglass
and the joints were sealed by aluninium

Iagg|n? .
taFe. Thermometer pockets and sanpling valves were
fitted to the inlet manifold and just prior to the
discharge valve on each unit.

Experinents 1, 2, 3 and 4 were non nalli/ at
tenperatures of 180, 160, 140 and 20°C
respectively. Infet and outlet tenperatures,
pressures and flow rates were measured each day
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durint[] the duration of the experinents. Fl ows
usually had to be adjusted upward due to silica
fouling in the outlet control valves. The nost
severe problem was experienced with the valves
controlling the 3 1nin flow since they were only
open fractionally. This at times resulted in a
reduced flow usually down to 1-2 1/nmin but in sone
instances the flow was coml))l etely stopped. Inlet
tenperatures usually varied by 3-4°C fromday to day
and conductive heat losses at 3 1lnmin resulted in
tenperature differences between inlet and outlet of
between 5 and 10°C.

Inlet and outlet fluid sanples were collected a
number of times during each test run and analysed
for total silica, monomeric silica and chloride.
Silica samples were preserved by 1:10 dilution with
an NaOH EDTA mixture. Initially there were problens
in obtaining a rei)roduci ble monomeric result. These
were solved by collecting, at tenperature, a sanple
“in a insulated stainless steel vessel of about 1 ni
capacity. The sanple was then immediately
transferred through a cooling coil into about 50 ni
of molybdate reagent.

At the conclusion of each experiment the 1
pi Fes were dismantled and 10 cm sections were cut at
sel ected positions (seven in total). FEach section
was scraped and the silica content of the scale was
determned by first fusing with sodium bicarbonate,
then diluting with an EDTA mixture, followed by
analysis by atomc absorption (AA). From this
information together with a know edge of the surface
area of the test piece it was possible to calculate
the silica deposition rate.

The gravel for the beds was saturated b% soaking
for 1-2 weeks before filling the vessel. The weight
of the vessel and gravel 'full of water’ and
"drained was determned before and after each
experiment (except for experiment 1). This gave an
absol ute weight and density of silica deposited.

Tables 1 and 2 give the deposition rates in the
pi Fes and gravel beds, Table 3 shows the changes in

silica polynmerisation between the inlets and
outlets.

The estimated error in the total silica
anal yses, based on quality control standards and

known solutions included with the sanples on each

TABLE 1: Silgca Deposition Ratet in 1" pipes/(my

cnl'“ year *)
Expt # 1 2 3 4
Nominal Tenperature (°C) 180 160 140 120
Duration (days) 35 29 36 35
Pipe #1 3 lnin
No. Distance Tine
(m (s)
0 2.1 27 62.3 85.5 76.9 86.9
1 7.1 72 52.7 73.9 56.7 35.4
2 13.5 137 66.7 61.7 30.6 28.7
3 20.0 202 65.0 73.6 28.4 23.3
4 26.9 272 53.8 59.7 24.7 21.2
S 33.8 343 92.7 75.2 18.2 20.9
(18.6)*
6 40.2 407 70.2 79.3 10.3 11.8
Pipe #2 30 1/mn
0 26 3 56.3 69.1 129.9 153.1
1 7.0 7 52.6 66.2 120.4 118.7
2 13.4 14 51.3 59.8 125.4 97.6
3 19.8 20 52.6 71.9 104.2 98.9
4 26.7 27 49,7 70.3 136.9 84.5
5 33.7 K’} 118.2 55.5 117.2 78.2
(100)*
§ 40.1 4 61.7 66.2 128.3 65.2

* Adjacent test piece
t Experimental Error +15%
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TABLE 2. Silica deposition in 1 m of
gravel f/fkg.year"")

Expt # 2 3 4

Noninal tenperature (°C) 160 140 120

3 Unin 631 <151tt 183**

30 Unin 714 1296+ 31

t orosit% 48% o

ft below the precision of the weighing method

* based on 24.8 days duration

** hased on 16.5 days duration

TABLE 3: Typical Total and Mnomeric Silica

Concentrations
Te Saturation % pol yneri zed
P Rati o* inIetp Y out | et

°C

180 14 0-2% 0-2% all wunits

160 16 0-5% 0-5% b

140 2.0 30% (11T 44-48% 3 1lnin
33-38%30 1/min

120 27 29-30% 50-53% 3 1/mn

33-41%30 1/nin

* Corrected for ionization, calculated assuning all

as mnomer .
t "normal" level in separator
analytical run, is 2-5% The variation in the

anal Ksed silica concentration of the weirbox sanples
(with no sanple collection problens) was in many
cases greater than 5% Total chloride analyses were
performed with the sole function of checking for
changes in fluid chemistry which may account for the
silica variations. The chloride analyses were,
within each experinent, consistent with each other
and show the care required in field silica sanpling.

Sanple collection for the monomeric silica
determnation  became easier with  decreasing
tenperature and resulted in better repeatability in
the results. Each nononmeric result was averaged
over 2 or 3 determnations. The error in these was
estimted to be 5-10%

The estimted error of 10-15% in the deposition
rate in pipes 1 and 2 is based on the actual
recovery of silica in the digestion procedure, final
analyses by AA and inconplete scraping. This
latter error was estimted from scraping two
adj acent pi eces.

Wi ghing of the gravel beds required a certain
amount of art to get reliable results. The
precision over the whole range was estimted to be
0.5 kg and the total weight measured (gravel +
vessel + water) was of the order of 230 kg. Since
the weight of silica deposited ranged from 0.4 to 5
kg there was a large uncertainty on these snall
guantities which were obtained by difference, about
30-50% except at 140 and 120°C at 3 1/min, where the
uncertainty was even Qreater. However  the
calculated densities of the deposited silica were

all about 2 g/cn? which is of the same order as that
for vitreous anorphous silica (2.2 g/cn’).  This
agreenent gave some confidence in the weighing
met hod.
RESULTS
Total and Monomeric Silica Measurements

At all tenperatures and flows there was little
change in total measured silica concentration
between the inlet and outlets.  Mononeric silica

concentrations at 180 and 160°C were the same at
inlet and outlets for all units within experinmental
error.



(At 140°C severe problems were experienced in
mai nt aining a "normal" water level in_ the
separator.”  About i dwa throu?h this experiment
the adjustment of the wafer |evel was abandoned and
the separator was run in a "flooded" condition. It
appears a combination of physical and chenical
factors nmeant that the difference in residence time
between "normal" and "flooded" was of the sane order
as the induction time before rapid polynerization.
A a "normal" water level the inlet ‘monomer and
total silica concentrations were within 10% of each
other while if the separator was "flooded" the
concentration of monomer was |ower by about 30% n
adjustment of the water level there was a rapid
change, (within 1-2 mnutes) in fluid turbidity in
the weirbox indicating an alteration in the col’loid
size (tinged blue at a "normal" level and milky in a
"flooded" ™ condition).. The outlet  nonomer
concentrations at 3 1nmin were constant (J[ust above
anomelous. silica solubility value at 140°C)
irrespective of the inlet mdnomer concentrations.
At 0 1Unmin the inlet and outlet monomer
concentrations were the same except in the last few
measurements before the gravel bed blocked. In this
case the out|et monomer concentrations were near the
calculated silica solubility value at 140°C.

n .
b
e

~ Mdifications to the seFarator substantially
increased the mass flow and eliminated the problens
experienced at 140°C. At 120°C there was little
change in inlet nmonomer concentrations with phan(I;es
in separator water level and the fluid in the
weirbox was clear at all times. The silica was
_substannallY prepol ymerised  before reaching the
inlet mnifold and as at 140°C the silica was nore
polynerised after passing through the pipes and
vessels at 3 1/nin.

Deposition in Pipes

Initial deposition rates at a residence time of
about 3 s, increased with decreasing tenperature.
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At 180 and 160°C the rate is relatively uniform
(wWthin the exBeHmantal errors) along the length of
the pipe and apbout the sane at both flow rates. The
sharp increase at section 5 at 180°C at both flows
cannot he adequately explained. At 140°C and 30

mn the deposition rate was about double the rate
for the higher tenperatures but also uniform along
the pipe. =~ However at 3 1nin the deposition rate
was significantly lower and decreased as a function
of time. At 120°C there was an exponential decrease
in deposition rate with overlap between the 3 and 30
Unmin flows. There was a reasonable simlarity

between the deposition curves at 3 1/mn at 140 and

120°C (Figure 2).

The nature of the scale deposited changed with
tenperature. At 180 and 160°C the scale was hard
and vitreous and difficult to remve. A |ower
although still dense, was
more easily removed particularly at _the |g
residence times i.e. lower flow rate. This may, be
expl ai ned m,i)art by a greater ratio of corrosion
products to silica. ~SEMmicrographs showed a change
in the ‘'cemented spheroid  particle size with
decreasing tenperature and flow rate but only a
mnor change in porosity. Magnetite (Fe(),) was the
only crystalline phaseé present in air 4he scale
sanpl es.

tenperatures the scale,

Deposition In Gavel Beds

At 140 and 120°C the vessels at 30 1/nmin rapidl
blocked with a soft porous armrﬁhous silica deposi
at the fluid inlet. "At 120°C the gravel chips were
not cemented t_og%elher_ after this first blocked
layer. Very little silica deposited in these two
experiments at 3 1/mn with no cenentation of gravel
anywhere in the vessels. A glassy deposit could be
observed on the loose chips Under an optical
mcroscope. The high rate of deposition at 140°C
and 30 1/nmin was simlar to the high rate observed
in the steampipes. A 160°C about the same

(| Illog

time (s)

Silica Deposition Rate versus Residence Tine.
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quantity of silica deposited at both flows and it
seems [ikely that sinilar behaviour would have been
observed at "180°C. At these higher tenmperatures and
at both flows the silica appeared to be unifornly
deposited along the length of the gravel beds.

DI SCUSSI ON

The rate of deposition on a known surface area
has hbeen studied experinentally by Bohlmann et al,
(1980) using packed colums ‘of ‘various forms of
Silica.  The rate of linear growh of anorphous
Silica in cmnin was given by,

R=3.1 ([SL(OH)] - [Si(0H)s]eg)* [OH]0.7

in 1 mNd in the pH range 5-8 and tenperatures
from60 to 120°C. They found no significant effect
of salinity between 0.09 and 1 nolal. In all cases
monomeric silica was found to be the depositing
speci es. There was little or no tendency for
deposition of previously polynerised silica and no
dependence on flow rate was found.

Al'though their equation is only valid to 120°C
the calculated deposition rates aré simlar to the
exBerlnentally determned deposition rates listed in
Table 1. At 180 and 160°C the, cal cul ated deposition
rates. are 40 and 110 mg/cnt  year respectively.
Reducing the monomer concentration by 5% at 160
reduces the calculated deposition rate to 84 my/c

year. At 140°C_ assuming 10% pol nerisation at the
inlet, the deposition rate is calculated to be 123
m/cm year. At 120°C with the inlet and outlet
monomer “concentrations of 20 and 50% of the total

silica, the deEngsition rates were calculated to he
133 and 9 mylcnf year respectively. This suggests
that the drop in scaling rates along the pipe at 140
and 120°C may he attributed to the decrease in

monomeric  Silica  concentration causing ~ a
corresponding. decrease in the molecular scaling
rate. DepoSition rates were lowest when the
monomeric silica concentration was close to the
amorphous silica solubility value even though
between 40-50% of the total "silica was present I'n

polymeric form

The lack of overlap hetween the two sets of
d_ePOSIIIOH results in the pipe runs at 140°C are
ditficult to interpret because of the  problems

previously discussed. The 3 1/min results at 140°C
are indicative. of a fluid with decreasing mononer
concentration across the PI pe length while the 30
Unin results are sinilar to the results at 180 and
160°C.  In this experiment the induction time before
the onset of rapid polynmerisation was short, |ess
than 1 minute. The pipe at 3 1/nin was attached to
the end of the manifold so that the extra residence

tim, before entry into the plP,e, my have been
about the order of "the induction tinme.

Recently Jamieson (1984) presented a model for
scale formation from geothermal brines. Wth this
mdel calculated msS transfer rates of silica
Ramcles, together with nonomer deposition rates,
ave been use

d to rationalise the observed scallng
rates in various field tests. That the observe
scaI!n? results for steam pipes were close to that
predicted for nonomeric deposition and did not
appear to be qr,eatly enhanced by the presence of a
high concentrations” of rapi dl}f] pol ynerizing silica
rraY be explained by assuming the formation of large
colloidal particles (up to 500 nm). Particles of
this size would have Tow velocity and inertia and in
addition may be charged and size stabilised. A
direct conparison with the nodel could not be made
because the size and nunber d_ensny of the particles
was not known. The changes in total siljca between
inlet and outlet were usually within the
uncertainties of the silica deternination so that
the identity of the depositing species could not he
det erni ned.
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Turbul ence and_ hydrodynanic factors are known to
ffect the deposition rate. The flow was considered
0 be turbulent at hoth rates. There aggeared to be

ittle dependence on flow rate at 180 and 160°C
which may be expected if the mechanism was assumed
to be dominated by molecular deposition. At 120°C
the exponential decrease in deposition as a function
of time can be explained by continuous removal of
monomer by Rolymerlsauon and direct
deposition ‘rather” than a flow effect.

a
t
|

chemi cal

However, ?reater hydrodynanic effects, if any,
woul d be expected to be observed in the gravel beds.
A the 1" inlet to the bed a small ampunt of gravel
was in direct contact with the full fluid flow and
overall the area of rock in direct contact with
fluid was far greater than with the walls in the 1"
?I pes. These bed conditions would be more conducive
or particle deposition than those in the pipe runs.
The ‘observation of uniform deposition on the chips
along the Ie%th of the beds at 180 and 160°C Is
consistent with the results in:pipes. However at
140 and 120°C at 30 1/nmin the beds rapidy blocked
with a soft, porous, |oosely adherlnﬁ, silica deposit
nght at the fluid entrance. The chips at 30 1/nin

140°C were also solidly cenented together al on?
the pipe length to the outlet. In this case i
appears that particulate plugging at the bed inlet
and direct chenical ,(rronorrerlc? _deposition were
occurring together. Little deposition took place at
3 Unin.~ The porous nature of the deposits suggests
that there was little rmonomer ‘available ™ for
cementation or that the particle deposition rate was
greater than the monomer deposition kinetics. There
a[)peared to ?EJe sl ght|¥h,| ess deposition at 140 than
a

an

120°C at 3 1/nn. is my have occurred because
of the larger nmore stablé colloidal particles
present at 140°C.

Recently Itoi et al, i.1984) studied the

deposition of silica scale in a porous colum using
Orake water at an experimental tenperature of 92°C
This fluid had a silica concentration of 552 ppm

(supersaturation ratio about 1.4) and a pH of 8 at
this temperature. — The results showed that silica
the porous

dePosMed na|n|3/ in the upper part of
colum with a decrease in permeability by an order
of two conpared with the initial value. In the
deeper Poruons, the change was insignificant. At a
glven low rate .the armount of silica deposited
decreased rapidly with depth and progressively
increased with mcreasyng flow rate.  Their results
are in good agreement with the behaviour observed at
140 and "120°C respectively.

SUMVARY

1. Deposition in the 1" pipe
tenperatures was found to be
monomeric silica concentration.  There appeared
to be little tendency for deposition of
polymeric silica and the ‘deposition rate was not
great|¥ enhanced even with relatively high
concentrations of both polymer and monomer.

runs at all
related to the

2. Colloidal particles deposited in the gravel bed
minly at the pipe inlet. The greater
rock/Tluid ratio and increased turbulence meant
a significant difference in deposition at
different flow rates.
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