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Abstract

Silicon tetrachloride is a toxic, corrosive water reactive substance thatis used widely in the process
industries. On spillage from containment it creates liquid pools that can either boil or evaporate. The
main feature of the pool behaviour is the exothermic reaction with water. There are three sources of
water available for reaction: free ground water, substrate water and atmospheric moisture. Hydrogen
chloride gas andrtho-silicic acid solid (or silica gel) are produced by the hydrolysis reaction. The
purpose of this paper is to describe the dangers involved in cases of accidental releases of silicon
tetrachloride, to report its properties, referring to toxicity data, major accidents and mitigation
tests. It also describes pool behaviour using REACTPOOL [1]. Model results indicate that the pool
behaviour is governed mainly by the amount of water available for reaction. Surface roughness and
wind speed also have a significant effect on the results. Results are compared with those for other
water reactive chemicals in Part Ill of this series of papers [3]. The generated cloud will initially
contain silicon tetrachloride and hydrogen chloride with numerous processes taking place.

Although silicon tetrachloride has been involved in many major hazard incidents, there are no
experimental data relevant to the modelling requirements. © 2001 Elsevier Science B.V. All rights
reserved.

Keywords:Spill behaviour; REACTPOOL,; Silicon tetrachloride

1. Introduction

The silicon industry has undergone immense development since World War 1h. SiCl
is one of the most important inorganic silicon compounds. It is the only chlorosilane
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that is neither flammable nor combustible. Even so, it is very toxic and corrosive and
presents a major hazard to humans and the environment, as is recognised by its inclu-
sion in many pieces of national and international legislation relating to industrial
safety.

SiCl, is used and transported in its liquid phase and therefore on spillage it creates
liquid pools, usually on land. Since it contains the Si—X bond it has a pronounced halo-
anhydride character, being highly reactive and aggressive. On escape from containment
and exposure to moisture, it reacts readily, exothermically and violently with water, re-
leasing HCI gas andrtho-silicic acid solid. This reaction supplies the pool with
energy, raising its temperature and thus increasing the vapour evolution rates. Water is
supplied to the pool from three sources; free ground water, substrate water and atmospheric
moisture.

The pool usually contains only Sigliquid, since there would not usually be enough
water to allow HCI to enter into solution. Thoetho-silicic acid solid particles are assumed
to be insoluble in liquid SiGl In cases where the pool and other characteristics are such
that insoluble settled particles are formed, the pool composition and properties will be con-
stant. In all cases the pool will either boil or evaporate; there is no possibility of solidi-
fication.

Apart from HCI that is directly evolved from the hydrolysis reaction, i@ill also
evolve in view of its high volatility. Thus, the generated cloud will initially contain iCl
and HCl vapour. SiGlwill react with atmospheric moisture yielding HCI andho-silicic
acid solid in a similar way to the liquid phase hydrolysis reaction. Overall, the behaviour
of the generated cloud is expected to be very complicated because of all these phenomena.
The fact that it is possible for the generated cloud to be initially denser than air adds to this
complexity.

Until now, there have been no published attempts to model the release behaviouyof SiCl
Furthermore, the only experiments that have been conducted were to test the effectiveness
of some techniques for suppressing fumes generated fron §ills.

The pool behaviour of Siglis modelled using REACTPOOL [1], substantially extending
some preliminary work [2]. Model results indicate that the pool behaviour is mainly affected
by the amount of water available for reaction. Surface roughness and wind speed also have
a significant effect on the results [3].

2. Uses and properties

SiCly is a colourless, clear, mobile, fuming liquid with a suffocating odour. Its main
industrial use is in the production of semiconductors and other silicon compounds. It has
also been used as a warfare agent. Some of its properties are shown in Table 1 [4-6], and
further details are given in Appendix A.

Silicon tetrachloride is included in various pieces of national and international legislation
on major hazards. Although it is not specifically named in the list of substances covered
by the European Union Seveso |l Directive [7], it is included in the category of chemicals
that react violently with water according to the supplementary guidelines published by the
Major Hazards Accident Bureau (MHAB) [8].
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Table 1

Properties of SiGl [4—6]

Property Value
Molecular weight (kg kmot?) 169.9
Boiling point (K) 330.2
Freezing point (K) 204.3
Critical temperature (K) 507
Critical pressure (bar) 35.93
Critical volume (cni mol—1) 326
Liquid density at 25C (kg mi3) 1490
Heat of vaporisation at 2& (kJ mol?1) 29.7
Vapour pressure at 28 (atm) 0.311

3. Toxicity data, accidents and mitigation tests

No published tests to examine human toxicity to silicon tetrachloride could be found in
the literature. From accidents that occurred it was observed that contact with liquid SiCl
may cause severe burns to the skin and the eye. Exposure to the vapour is irritating to the
eyes, skin and throat, and can be fatal. Prolonged exposure to small concentrations may
result in pulmonary oedema [9-12].

Animal toxicity data are very limited. The oral LC50 in rats was about 8000 ppm for 4 h
exposure. A 500 mg quantity applied for 24 h on the skin of rabbits caused severe erythema
to slight eschar (injuries in depth) formation. A 20 mg quantity applied for 24 h on the
rabbits eyes caused effects varying from beet redness to injuries in depth [9,11].

In cases of accidental spills the generated cloud will contain HCl as well ag 8i€HCI
is highly toxic and corrosive. It should be noted though that @83k ported to be much more
toxic than HCI [5]. HCl is generally irritant to the eyes and respiratory tract. A concentration
of 35 ppm usually causes irritation of the throat after short exposure. Concentrations of
50-100 ppm are tolerable for 1 h. More severe exposures result in pulmonary oedema and
often laryngeal spasm. Concentrations of 1000-000 ppm are extremely dangerous even for
brief exposures [9].

Occupational exposure standards have been set fog Bifiie USA as follows: Emer-
gency Response Planning Guidelines (ERPG) [13]: ERP& 0.75 ppm (no more than
mild, transient effects) for up to 1 h exposure; ERRG= 5 ppm (without serious, adverse
effects) for up to 1 h exposure; ERIPE3 = 37 ppm (not life threatening) up to 1 h exposure.

A number of accidents have occurred involving spillages of §i€kurvey of accidents
that involved spills of water reactive chemicals showed that there is about one accident per
year involving SiCj in the USA. About half of the reported spillages of Si@ivolved
evacuations and/or injuries and/or deaths [1].

One of the largest and most disruptive accidents occurred in 1974 at the Bulk Terminals
storage facility in Chicago, IL. This incident in noteworthy for several reasons including
the quantity of material involved (3300%) the location (a large metropolitan area), the
duration (leakage for 8 days, emissions for 20 days), and the nature of the chemical. “Within
hours one ruptured tank affected the lives of tens of thousands of Chicagoans. As the
escaping SiGlreacted with the moisture-laden air, an enormous, breathtaking, eye watering,
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nausea-inducing acid cloud spewed forth. At times the acid cloud was measured from 8 to
16 km long as it moved across the city, disrupting traffic, work and normal living activities”
[14]. One fatality, 300 injuries and more than 2000 evacuations were the result of this severe
accident [14-16].

This accident was the first major spill of reactive chlorides and it has served to draw
attention to the hazards of this class of chemicals. The inability to control the leak and the
vapours released prompted serious consideration of the available spill technology not only
for SiCl, but for all water reactive chemicals. It was clear that direct application of water
was not only ineffective; it worsened the situation [17].

In 1981, in San Francisco, USA, a spill of SiG@lt a chemical plant caused the evacuation
of several thousands of people from an industrial park; 28 persons sought medical attention.
Medical examination of the affected people gave some indication of the effects af SiCl
fumes on humans. Most of the affected individuals suffered only transient eye and upper
airway irritation. Six of the plant employees were later referred for detailed evaluation of
possible lung injury, but no definite evidence of Si€@lduced pulmonary disfunction was
found. Five of these workers also experienced recurrent headaches and two complained of
pedal dysesthesias (humbness or loss of mobility) after the accident. Although the temporal
relationship between the exposure and onset of these symptoms is notable, no definite causal
relationship could be established [12].

In 1998, in Moses Lake, Washington, 30,000 pounds of chemicals were released forming
a cloud of hydrogen, silicon tetrachloride and trichlorosilane that drifted 3 miles north of
the plant. A warning telling residents within 1 mile of the plant to stay indoors was lifted
within a day. The gas cloud was contained an hour after the blast. Plant emergency workers
used water to suppress and convert it into hydrochloric acid and a sand-like material (fume
silica). Six workers were injured in this incident and two of them died after some days [18].

In recent years, some work has been carried on mitigation techniques for spills f SiCl
Overall, it has been shown that application of water-based foams is an effective technique
for mitigating spills of most water reactive chemicals including $i@b be effective the
foam must be applied in a certain way so that a blanket is formed over the total spill surface.
Although the use of foam was recommended during the Chicago spill, it was only given a
cursory test. Aqueous foams contain water and this reacts with the spill in the same way
as free water, though more slowly. Although the reaction violence may be less than with a
direct water application, a large dense cloud is formed. There will be little visible change
in this cloud until a blanket of foam covers the total spill surface. According to Hiltz [17],
failure of the foam to be effective in the Chicago spill can be attributed to one or more
of three factors; insufficient time allowed to develop a full blanket, an application rate too
slow for the spill size, or a foam not sufficiently resistant to the character of the spilled
liquid.

Field tests have been carried out by MSA and Wah Chang Division of Teledyne [17]. Both
crude SiCJ (containing measurable quantities of free chlorine and phosgene) and commer-
cial grade SiC] were tested. Two different types of water-based foams were applied; a high
water retention foam and an ammoniated foam system. Based upon visual observation, the
low expansion foam was most effective in reducing the vapour release rate. However, it
required the longest time to cover the spill area and it is extremely difficulty to spread.
The high expansion foam showed a degree of control almost equal to the low expansion
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foam and spreading was easier. The ammoniated foam was least effective; development of
the foam blanket took longer and after it was complete the apparent vapour release rate
was greater than for straight foam. Generally, it was shown that for large impounded areas,

high expansion foams could be employed to reduce the vapour hazards. For small localised
spills the lower expansion foam may be a better choice. Overall, these tests showed that
application of foams can be an effective mitigation technique for spills 0f;SiCl

In May 1990, Silicones Environmental Health and Safety Council (SEHSC) and DOE
tested the effectiveness of agueous foams in extinguishing chlorosilane fires and in vapour
suppression. Trichlorosilane, HSgZhighly flammable) and SiGwere examined. A total
of 13 tests were conducted, 7 with HS§@ind 6 with SiCj [19].

A manual on chlorosilane emergency response guidelines was published in 1998 [20].
According to this manual, small spills should be handled with dry absorbent materials
or covered with medium expansion foam. Large spills should be contained by the use
of dikes and should be covered with any medium expansion aqueous film-forming foam.
Initial application of foam will release significant amounts of corrosive vapours and water
spray may be used downwind to suppress the corrosive vapour cloud. In all cases direct
application of water should be avoided. This manual also provides information on safe
transfer procedures, foam application, requirements of personal protective equipment and
decontamination of personnel and equipment.

4. Reaction with water

The hydrolysis reaction of Sigltakes place almost instantaneously and very energeti-
cally. Most of the available work on the liquid phase reaction with water was carried out
more than 40 years ago. Even so, it provides useful information. Andrianov [21] reports
in detail the hydrolysis reaction with water and other media. Overall, the reaction af SiCl
with water can be represented by the following equation:

SiCly + 4H,0 —> [Si(OH),] + 4HCI 1)

Theortho-silicic acid [Si(OH)] is a solid product, but according to Mendeleyev ([22], see
also Part 1) it does not remain in that form; it loses part of its water with extraordinary ease.
In other words, the hydrate formed does not contain as much water as would correspond to
Si(OH)4. This process of water loss is referred to as condensation. The gel is usually in the
hydrate forrnSiO,-mH»0, withm < n. The loss of water proceeds uniibecomes much
greater thamm. The final product is known as silica gel, which has a complex polymeric
structure. The main factor determining the number of free hydroxyl groups in the end
reaction product, when the hydrolysis is run under ordinary conditions, is the reaction
temperature. The compounds obtained from the reaction of iiti water at an elevated
temperature contain a smaller number of free OH groups. The silica gel obtained under
ambient conditions gradually undergoes condensation in air; its molecular weight increases,
whilstthe number of free OH groups and the amount of absorbed water decreases. Generally,
the reaction of SiGland water cannot be represented by a single formula. Itis recommended
that the aggregate of the processes of hydrolysis and condensation of the hydrolysis products
should be represented by reaction (1) [21,22].
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In the vapour phase, the hydrolysis reaction with atmospheric moisture proceeds in a
way similar to reaction (1). Generally, the SiClydrolysis reaction with moist air is very
similar to that for titanium tetrachloride. Most of the work in this field has been carried out
in recent years.

El-Shall [23] investigated the vapour phase nucleation of SiSIing an upward ther-
mal diffusion chamber. Revised results, using the same experimental set-up but more
precise calculations and equipment calibrations, have been published by Wimpfheimer
et al. [24]. Experimentally calculated values of critical supersaturation at different
temperatures at the onset of homogeneous nucleation have been reported in both refe-
rences.

Bautista and Atkins [25] examined the competition between oxidation and hydrolysis
of SiCly in a diffusion flame burner during manufacture of optical fibre preform. In the
low-temperature region of the flame, hydrolysis was the main route of conversion gf SiCl
while oxidation was dominant in the high temperature region.

Okuyama et al. [26] have studied the aerosol formation by rapid nucleation during the
preparation of silica thin films from Sighnd oxygen gas by a chemical vapour deposition
process. A vapour nucleation and diffusion model was used to describe and simulate the
process.

5. Pool behaviour and incorporation into REACTPOOL — model results

For a spill on land, the main feature of the pool is the exothermic reaction of €I
water. If there is excess water, HCI is produced in its liquid aqueous form. However, it is
unlikely that there will be excess water, unless there is an external supply (e.g. by addition
of aqueous-based foams for mitigation). Therefore, in most cases reaction with water will
proceed under Siglexcess conditions with HCI gas being directly produced and evolved
to the atmosphere. The heat of reaction (1) in these cases was calculated to be around
—4050kJ kgt water.

Whilst the pool is spreading it encounters free ground water and substrate water, and also
absorbs atmospheric moisture. After spreading has ceased water will be supplied only from
the substrate and the atmosphere.

Apart from HCI, SiC}k will also evolve to the atmosphere in view of its high volatility.

The energy produced by the reaction with water increases the pool temperature and the
vapour evolution rate. Thartho-silicic acid solid will also be generated from the hydrolysis
reaction. These solid particles may exist in various forms of silica gel sirtbe-silicic

acid undergoes condensation, as discussed in Section 4. As reported by Andrianov [21], it
is impossible to predict the exact formula of this gel and therefore it is assumed here that
no condensation takes place.

The pool behaviour of SiGhas beenincorporated into REACTPOOL [1]. Allthe proper-
ties of reactants and products involved have been parameterised as functions of temperatures
and are listed in Appendix A. Thertho-silicic acid is soluble only in very hot acids and
hydrogen fluoride. It has been assumed that SigQ#dyticles are insoluble in the liquid
and settle onto the bottom of the pool forming a film that resists conduction of heat from
the ground. The sensitivity of the model to the assumption that solid particles settle rather
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Table 2

Values of the release scenario input parameters

Spill rate (kg 1) for 600 s 16

Maximum duration of release to the atmosphere (s) 1800

Maximum pool radius (m) 50

Type of substrate Concrete

Free water film thickness on the ground}, (m) 0.0005, 0.0015, 0.003, 0.005
Surface roughness lengttzg (m) 0.1, 0.01, 0.001, 0.0001

Wind speed at 10 mJ;0 (ms™2) 5,2, 10

Air and release temperature (K) 288

Atmospheric radiation factor 0.84

Cloud cover factor 7

Relative humidity (%) 70

Location North England, UK (latitude- 54°, longitude= 2°)
Time and day 09.00 h and 298 (25 October)
Time step used in the calculations (s) 0.01

aThe corresponding values fog, are 1 cm, 8.5 mm, 7 mm, 5 mm, respectively.

than remain suspended has been examined and it was found that model results are generally
not sensitive (see Section 6).

Critical aspects of the pool behaviour of SiGlave been revealed by the use of REACT-
POOL. Overall, the pool behaviour is strongly affected by the amount of water available for
reaction. The main water source is usually the free ground water. In all cases investigation
of the reaction with water occurred under conditions of excess Si@k surface roughness
and the wind speed also have a strong effect on the results. The rest of the input parameters
have weaker effects. As shown in Fig. 5, Si@bols usually boil for a considerable portion
of the spreading period.

A large number of release scenarios was examined. The values of the release sce-
nario input parameters are shown in Table 2. The effects of significant parameters on
the pool characteristics are described in Part Il of this series of papers, where a com-
parison with the pool behaviour of other water reactive chemicals is also presented
[3].

Figs. 1-8 show the results for the above scenarios. These show the behaviour of the main
pool properties and vapour evolution rates. The detailed commentary on these results is
given in the comparative discussion in Part Ill of this series of papers [3].

5.1. Solid particles of ortho-silicic acid — model sensitivity to the assumption that solid
particles settle onto the bottom of the pool

Model results indicate that relatively small quantities of solid particles will be formed.
Even under very high water availabilitgpg = 0.005m), the mass of solids produced
(about 520 kg) is about 5.5% of the total amount of liquid spilled (9600 kg). It is believed
that these particles are insoluble and it has been assumed that they settle onto the bottom
of the pool. Their only influence on the pool behaviour is that they form a film that alters
conduction of heat from the ground. In the previous sections it was shown that in most cases
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free ground water film thickness w; (m)

Fig. 1. Percentage supply of the three water sources to the total amount of water provided for reaction with SiCl
for spills of 16 kg s for 600s ¢g = 0.1 m, Ujg = 5ms1).

the generated pool evaporates for the majority of the release duration (evenuyhen

0.005 m, it evaporates for 1380 s which represents about 76% of the total release duration).
In an evaporating pool, there will not be adequate turbulence and mixing in the liquid to
keep the particles suspended. Therefore, the assumption that partickésoadilicic acid

will settle is the most likely condition. Even so, model sensitivity to this assumption has
been checked and it was shown that even in cases where the solid particles constitute a
relatively high percentage of the total mass of the pool (i.eufpe= 0.005 m), they affect

the results only weakly. Table 3 shows that results will change less than 5% in almost
all cases.

8000 t total amount of SiCl, spilled = 9600 k

7000 +
- 3
3 w000 /./
= N
3 @ ./ —&— total SiCl, evolved
$ = 5000 —{— total HCI evolved
= 8 r
5 3 —o— i
22 4000 total Si(OH), produced
S A
2 3000 &
g%
g 2000
3 _
£ b
s 1000 £

s e — —
0 t t t t —*
0 0.001 0.002 0.003 0.004 0.005 0.006

free ground water film thickness w; (m)

Fig. 2. Effect ofwg on the total amount of vapour evolved and solids produced for the total release duration
(ts2=18005s) o = 0.1m,U;o = 5ms1).
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SiCly spill rate = 16 kg/s

__

T

vapour evolution rate (kg/s)
(=} -

10 [ _m— SiCl, evolution rate

—{— HCI evolution rate

4 .
.k
F g 0— o
0 Lo 0 ey TR
0 0.001 0.002 0.003 0.004 0.005 0.006

free ground water film thickness w, (m)

Fig. 3. Effect ofwg on the vapour evolution rates for the spreading perigd<{ 0.1 m,Ujp = 5m s .

6. Behaviour of the generated cloud

Clouds generated from accidental spills of Si@ill initially contain SiCls vapour and
HCI gas. SiCJ vapour will continuously react with the atmospheric moisture yielding HCI
gas and solid particles, which will gradually deposit on the ground. HCI gas may also
interact with the atmospheric moisture yielding aerosols. It is unlikely that there is enough
atmospheric moisture in the airflow above the pool for complete and instantaneous reaction
of SiCly to HCI, in view of the initially large amounts of Siglapour present in the cloud.
The cloud behaviour will resemble the behaviour of a®@um cloud [27]. It is expected
that the SiCJ/HCI cloud will initially be denser than air and only after some distance
downwind, allowing adequate dilution with air, will it become passive and chemically

3
L \ SiCl spill rate = 16 kg/s
25 , ;
= r —m— SiCl, evolution rate
g 2 . —{0— HCl evolution rate
g 151
] L
S F x\
3 1 L
Tt -
3 [
(=3
% 7 \-\
> 05 + —
0 F e = P 1 r ‘ns : i DR R——
0 0.001 0.002 0.003 0.004 0.005 0.006

free ground water film thickness w, (m)

Fig. 4. Effect ofwg on the vapour evolution rates for the after spreading petige=(0.1m, Ujp = 5m sh.
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inactive, containing only HCI. Some portion of the aerosols will be deposited on the ground
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Fig. 5. Pool temperature profiles for different valuesigf(zo = 0.1 m,Uip = 5m sh.

due to gravitational settling and other deposition effects.

7. Discussion, conclusions, further investigation

Silicon tetrachloride is a highly toxic material that can severely harm humans and the
environment and can cause fatalities, as shown from past incidents. When accidentally
spilled it creates liquid pools, the main feature of which is the exothermic reaction with

water.

pool radius (m)
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e —
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Fig. 6. Pool radius profiles for different valueswo§ (zo = 0.1m, Uig = 5ms?).
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Fig. 7. Effect ofzp on the total amount of vapour evolved and solids produced for the total release duration
(ts2 = 1800's) (vg = 0.0015m,U0 = 5mst).
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Fig. 8. Effect ofU;jp on the total amount of vapour evolved and solids produced for the total release duration
(ts2=1800S8) (vg = 0.0015m,z90 = 0.1 m).

Table 3

Sensitivity of the model to the assumption that the solid particles settle onto the bottom of the pool

Solid particles settle onto the bottom of the Solid particles are suspended in the liquid medium
pool, wg = 0.005m affecting the pool properties;g = 0.005m

SiCl, evolved for the total release SiCls evolved for the total release
duration= 77634 kg duration= 80.83.6 kg (+3.9%)

HCI evolved for the total release HClI evolved for the total release
duration= 7843 kg duration= 8197 kg (+4.5%)

Amount of solids producee: 5163 kg Amount of solids produceg 537 kg (-4%)
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In respect of its toxicity very limited data are available. More investigation is required in
this field in order to draw firmer conclusions.

A literature survey revealed no published attempts to model the pool or cloud behaviour.
An extensive investigation of any relevant data sources was conducted in support of this
study. Certain data (e.g. on interactions with substrate compounds, absorptivity of atmo-
spheric moisture) are either not available or not well defined. Sufficient information was
found to permit worthwhile use of REACTPOOL.

Although a number of accidents involving spills of Si®lave occurred, no experiments
have been conducted on the release behaviour. Further improvement and validation of the
model depends on the availability of these data.

Further investigation should be focused on describing and modelling the behaviour of the
cloud generated from accidental spills of SjCThe behaviour of such a cloud resembles
the behaviour of clouds generated froms3hd oleum spills.
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Appendix A

Various sources were used to identify the properties of /S8t Si(OH) [4—6,28].
Properties of liquid SiGk

molecular weight, MW= 1699 g mol;
boiling point, bp= 3302K;

freezing point, fp= 2043 K;

liquid density,p (kg m~3):

p = 52116 x 0.26416~1—(T/507)°2%1%,
e heat capacityC, (kJkg K1)
C, = 1.00164— 1.00214x 1037 — 2.40288x 107°T2 + 1.08366x 107873,

e viscosity,u (cP):

16353
log = 14917~ === — 4.2676x 107°T +3.3228x 10 °T%;

e thermal conductivityk (kW m~—1 K1)

k =0.0151x 103 — 8.0951x 10 8T — 2.9387x 101072,
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e vapour pressurd? (atm):

23911

log P = 25.5694— — 7.3965logT — 9.3193x 107101

4+2.7569x% 107672
e heat of vaporisatiort (kJ kg™1):
7 0383
H =25444(1—- — ;
507

Schmidt numberSc(estimated according to [2BE 1.974;
critical temperature] . = 507 K;

critical volume,V ¢ = 326 cn® mol~1;

latent heat of fusionH s = 45.069 kJ kg .

Properties of Si(OHy

¢ molecular weight, MW= 96.1 g mol-1;
e density at 25C, p (kgm~23) = 2185 (varies from 2150 to 2220);
e heat capacityC, (kJkgK™1):

C, = 0.04124+ 2.75 x 1073T — 0.161x 107 °T?;

thermal conductivityk (kW m~1K~1) = 0.00133 (for SiQ particles).
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