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SUMMARY

This afudy is concerned with the capture of
airborne dust particles by sprayed liquid droplets,
with particular reference to the airborne coal dust
encountered in mining practiceo‘ The particle size range
0.5 = 5,0 microns, of physiological importance in causing
occupational health hazard, has been investigated.,

The significance of dusts and their harmful
rarticle-size and concentration are discussed and the
incidences of coal-miners' pneumoconiosis and existing
mefhods of dust suppressicn in mines are surveyed. The
general mechanism of liquid spray formation from nozgles
is investigated and the theoretlcal probability of capture
of dust particles by spray droplets is discussed,

vExperimente on dust suppression were carried out on
moving dust clouds in a wind-tunnel of 45,72 cm. (18 in.)
diameter and 20 metres (65 ft.) long, under controlled
conditions. Dust clouds, of concentrations in the range
300 and 3000 p.p.Co.Co, Were produced using Hattersley's
laboratory type dust generator. A three-=throw
reciprocating pump provided spray pressurss up to about
210 kg./8q.cm, (39000 Po8.1.8.) and the spray nozzles were



(11)
operated at the axis of the tunnel against the flow of
dust-laden air., Simultaneous dust sampling was done by
two thermal precipitators located ahead of and beyond the
spray nozzle,

Distribution of air velocity in the tunnel was
studied and modifications in the tunnel were made to
straighten out the air flow, The effect on air flow
pﬁttern of baffle plates suitably placed in the tunnel is
illustrated in the form of iso-velocity curves,

Distribution of dust concentration in the tunnel was
studied with salicylic acid filters and the rate of decay
of dust concentration with distance along the tunnel was
found to be constant. The probable mechanisms of dust
fall-out are discussed.

A system for counting the thermal precipitator dust
8lides using & five-channel Automatic Particle Counter and
Sizer was developed and an analysis of variance for the
machine was made.

Simultaneous dust sempling by thermal precipitator
and salicylic acid filter was carried out in the tunnel
and a correlation factor was derived on the basis of
proportional number percentage size frequencies in both
the samples. '



(111)

Measurment of Average Droplet Size was carried out
for water sprays in the range 35,15 - 190,16 kg./8q.om.
(500 ~ 2,750 p.8.1.8.) using a 80lid cone spray noszzle
and the relationship

A.D.8. «  p(=0028)

was obtained. A functional non-dimensional relationship
was also derived between the characteristics of the spray
and the Average Droplet Sige.,

The dust suppression work was mainly concerned
with small high pressure spray nozzles and the following
issues were brought to focus: The effects om the efficiency
of dust suppression of,

(a) hollow cone and solid cone spraying,

(b) high spray pressures,

(¢) surface tension of sprayed liquid,

(d) counterflow air velocity, and

(e) a tandem arrangement of spray noggles,

The effect of spray throughput on dust-water ratio
was also studied, Solid cone spraying was found to be
about 5 per cent more efficient than the hollow cone eprqy
for the éame nozgle, ‘Maximum dust suppression was effected
at 140.6 kg;/aqocm;Ain both the cases., (53.58 per cent
and 48.5 per cent).



(iv)

Surface active agent solutions were found to give
only a small increase in dust suppression efficiency, Eo
The wetting power of différent types of surface active
agents is discussed., A relationship was obtained
between the efficiency, spray pressure and the surface
tension of the sprayed liquid.

TPandem spraying was found to give the best dust
suppression efficiencies without much increase in water
throughput. The rate of increase in E with number of
spray nozgzles in tandem was found to be maximum (about
6,5 per cent) at 140.6 kg./sq.cm,

An increase in air velocity resulted in a rapid
decrease of E. The rapid deceleration of droplets on
discharge into the gaseous medium, its lowered efficacy
of impact on dust particles and the consequent reduction
of the "capture cross-section" are discussed,

The dust-water ratio was calculated for all spray
pressures and nozzles employed and was found to generally
decrease with increase in throughput.

The sprayed droplets did not appear to be selective
in suppressing any particular sige-range of dust particles,

An improved type of dust feeding machine was put
into operation and is discussed in the Appendix.
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ST QF S BREVIATIO
Symbols Units
A:D.S, = average droplet size of sprays miocron
A.P.Co. = automatic particle counter

drag coefficient

o o
]

= coefficient of discharge in nozzles

D = diameter of wind tunnel (45.72) cm,
Do = orifice diameter of spray nozzle om,
Dp = diameter of droplet _ - . mieron
Dpo = diameter for graging capture
cross-section, mZcron
dp = diameter of dust particle micron
d = mean size of particle oversige 2 micron
E = dust suppression efficiency
E, = colleotion efficiency
i = flow number (gal/nr)/ Vp-8.1.8
g = acceleration due to gravity cm/sec/sec,
H = dynamic pressure of air inches w.g.
h = particle size projection in A.P,Co. micron
nt = height of fall of particles in
sedimentation. ~ emo
K = Particle parameter
klgkegks = proportionality constants
K.E, = kinetic energy ergs.

L = length scanned mm,
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(vi,

magnification in A.P.Co

number of particles

initial and final dust concentrations.p.p.c.c.
spray pressure kg./8q.cm.
amplitude discriminator value in A.P.C.
pgrtigles per cubic centimeter of air
throughput of sprays litres/min,
rate of air flow | c.¢./8ec,
Reynolds Number

Reynolds Number- for critical velocity

nearest distance of approach of
grazing trajectory of the particle
to the centre of the droplet.

penetration of a liquid droplet om,
adhesion tension between coal

particle and spray droplet. dyne/em.
time 860,

thermal precipitator
critical velocity cm./sec,

fluid velocity relative to liquid
droplet at large distances from the

liquid droplet. cm./sec.
terminal velocity of aerosol, as
given by Stokes® luw. cm./sec .

terminal velocity of aerosol, after

applying Cunningham's correction. cm./Bec,
number of intercepts in A,P.C. for
particular slit width W
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(vii)

Units
Foﬁda and Herne's dimensionless
capture cross-section
average value of capture cross-
section over the range of
penetration S of spray
sensitivity micron
distance from wall of tunnel cm,
angle of contact of liquid on
solid surface degree
spray cone angle degree
surface tension dyne/cm,
density gm./cocCo
absolute viscosity poise
subscripts for air, liquid and
dust particle
standard deviation
mean free path of gas molecules cm,

micron
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1, INTRODUCTION
1.1 Definition and Sigg;ficance of dusts in Industry

The generic term ‘aerosols’ was coined by Profbsaor
Po.Go Donnan(l) towards the end of the first World War to
cover all the various disperse systems in air, such as
dusts, smokes, fumes and mists. Dusts, in a colloid sense,
consist of solid particles, dispersed in a gaseous medium
as the result of the mechanical disintegration of matter,

Dust-producing processes in industry are too numerous
to mention, but some typical examples are the processes of
drilling and blasting in mines, quarrying and screening of
granite, sand-blasting and "fettling" in foundries, The
sizes of dust particles range widely from the submicroscopic
to the visible and those larger than 76 microns in diameter
are defined es 'grits' by the British Standards Inetitution(?),
(1 micron (1p) = 10" ’mm.). Generally ‘settled’ dusts aré
above 20u 15 diameter, while the lower range of ‘air-borne’
dusts may well extend into submioroscopic region. The
percentage composition of air-borme dusts is liable to differ
from that of the parent substance, on account of differential
disintegration and selective settling}of the dispersed
particle8,(3) Some pathologists prefer to include ‘fumes’
in the category of ‘dusts’ "to designate a pathological
entity",(4) since fumes are also solid particles, mostly

generated by the condensation of vapours of solid matter
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after volatilization from the molten state. Fumes,
however, are usually below lp in size and in contrast to
dusts, they often flocculate vigorously. A general classi-
fication of aerosols is given in Table 1.1 with particular

reference to the size range of dusts and spray droplets
used by the author in the work which led to this thesis.

Dusts from industrial atmospheres may require to be

suppressed or‘recovered for the following reasons:-

(1)

(2)

Certain dusts, notably metallic powders and organic
dusts, may cause violent explosions, if they are
present in appropriate concentratioms in air.(s)(e)(7)
This explosion hagard owes itself to the increased
rate of oxidation and chemical activity, which result
from,gn increase of surface area per unit volume with
reduction of particle size. In a coal-pit, dust
concentrations greater than 50 grams/cu.m, are
considered dangerouso(s)

Fine air-borne dusts (sige less than 5u) contribute
to unhygienic working conditions and are the cause
of many occupational diseases, leading progressively
to total disability of the worker. This disease of
the lung produced by the inhalation of dust is given
the_general'nama "Pnsumoconiosis"(g)° Dusts, kmown
to cause pulmonary disability are siliceous dusts
such as quartz, talc, diatomaceous earth and asbestos,
other inorganic dusts such as beryllium, iron and
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manganese dioxide, vegetable dﬁsts such as cotton and
bagasse, and other "organic" dnata such as graphite
and coal,(4)(10)

(3) The dust may be valuable, such as potash from the
blast furnace gases, pulverised coal from flue gases
of indusirial boiler plants, cement from the cement
kiln gases, and the catalysts from the cracking plants
of oll refineries.

(4)  The substance may have to be manufactured in powder
form such as carbon black and high-grade zinc dust.

Supression systems relating only to the fine disease-
producing coal dusts, as encountered in mining atmospheres,

are discussed in the present work.

1.2 Pneumoconiosis
This pulmonary disease due to excessive dust inhalation

has been known for centuries in the various dusty industries
as mason's disease, potter’s rot, miner'’'s asthma, grinder's
rot, Monday Morning fever, etc. Zenker(ll) used the term
"pxie\monoconiosis" (compound of two Greek words 'pneumon'’
and ‘oonis’, meaning ‘lung’ and 'dust' respectively) in 1866
to describe these dust-diseases and this was shortened to
'pneumoconiosis’ by Prouat(]‘a) in 1874. Though the term
denotes 'the disease of the lungs produced by the inhalation
of dust', a more comprehensive definition of the term is
being sought both to designate a pathological entity and to
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specify an ocoupational diseese. Hamlin(13) gescribes the
term as "an all-inclusive caption for a wvariety of pulmomary
" affections......Generically, ;t does not imply fibrosis, but
simply 'dust®' in the lung......therefore, pneumoconiosis
must include any retention of dust in the lungs, whether of
industrial origin or mot, and whether of toxic, irritant,
proliferative or inert dust.”

Various forms of pnembconiosis are diatinguiahable by
radiological diagnosis of the chest, aided by a knowledge of
the nature of dusty oceupation and the history of exposure
to dust. E.g. (a) Classical Silicosis due to the inhalation
of Silica dust, is characterised by a large number of small,

firm, grey, whorled nodﬁieéj‘“’ (v) Anthraoosilioosisus)__-_.,

among workers at the coal face and trimmers in the holds of
ships' 18 recognised by widespread extreme p:lgmexitation in the
lungs, where the Silica is maeked by the coal; (c) Coal-
miners"' pneumoconioais(ls) is known by the condition of
‘focal emphysema’'; (ad) Asbestosis(17) lesions take the
form of diffuse fidrosis; (e) Siderosis(l®) among naematite
miners is characterised by diffuse-fibrosed areas of a bright
brick-red colour; (£) Kaolinosis(l?) nas emphysema as a
marked feature and the bluish colour of the lungs is
distinctive; etc.

1.3 JIncidence of mumocoxﬁgsia,
As long ago as 1556, Agricola(lg) observed that meny

women in the Carpathian mining districts married seven

-

R
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husbands, "all of whom this dreadul disease has brought

to an early grave"., The magnitude of this problem can

best be realiged by the knowledge of the incidence of

the disease. The incidence of raw cases of Silicoeis in

the mines of Witwatersrand was 9.55 per 1000 examined during
194144, though it stood at 28.11 per 1000 during 1917-'20(20)
In the Kolar Gold Fields in India during 1940-"46, 7653 men
with five years underground service or more were examined,
out of whom 3351 (43.79%) were found to have abnormal
radiological appearances of the lung fielda.(al) The
percentages of cases of pneumoconiosis in a foundry, fettling
shop and core=shop are 5.2, 6.7 and 3,1 respectively. (22)

In Britain, there were 22,000 men certified as disabled from
coal-dust between 1931 and 1948(23) and in 1945 alone, 5224
cases of coal miner’s pneumoconiosis were recorded in South
Walesg(24) By 1960, 8080 men were receiving disablement
benefits under the Pneumoconiosis and Byssinosis Benefit
Scheme,(25) " The incidence of the coal-miner's disease in
Scotland is given in Fig. 1.1 for the year 1959,(26) ama

the average dust contents of coal-miner’s lung is given

in Pig.1.2.(27)

1.4 Harmful particle-size and concentration
Medical opinion is not conclusive on the physio-

logical limits of dust particle-size retained in the deep
lungs. It was first shown by McCrae(zs) that 70 per cent
of the particles in silicotic lungs were less than 1lu and
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the largest particle did not exceed 10.5u., On the basis
of this work, Mavrogrodats(29) defined disease-producing
dust as particles of 0.5 to 5u in diameter., Gardner and
Cummings(3°) showed that a much more severe reaction
resulted with a given weight of 1 to 3u quertz particles,
then with an equal weight of 6 to 12y particles, the latter
being comparatively inert. Tobbens, Schulg, and Drinker(31)
found that the potency of quarte increased markedly as the
particle size decreased from 3 to 0.6u. The Committee on
industrial pulmonary disease in Britain{32) hes, as a
result of extensive investigations during the years
1939~43, concluded that, in the absence of knowledge to
the contrary, a1l dust of a sige less than 5u should be
considered as harmful., The National Coal Board has adopted
the size range as 0.5 to S5p for silica or rock and 1 - Sp
for coal.

Pindeison{33) calculated the average air velocity
at different points in the respiratory tract, by estimating
the dimensions of various perte of the lung and assuming a
constant air flow of 200 c.c./sec. during inhalation and
exhalation, His velocities, which were later éonrirmed by
Davies(34), are shown in Fig, 1.3, The precipitation of
particles on to the lung surfaces is considered to take
place by four distinct mechanisms, nemely, inertia,
sedimentation, wall effect and Brownian motion. Experiments
on the retention of particles in the lungs have been carried
out/



FIG1.3. THE MAIN RESPIRATORY CHANNELS

OF HUMAN LUNGS

%\ Scale ¢cm
it ,
Air Velocities

Trachea___ | cm/sec.

~—

Right main br'onchug) \\L‘-’ﬁ W 150
180

Upper-lobe bronchi%

Middle lobe 7/
%

Lower lobe

Primary
bronch i

130
65

14
2
1.

Bronchiole
Ciliated epithelium ——

FIGl4. THE EFFECT OF PARTICLE SIZE ON

ALVEOLAR DUST RETENTION

- ' —— Davies

o
e
|

------ Brown etal.

°6 Retention
N
O
T

o
O
T

: 1 3 1 | L
01 0.2 05 1.0 20 50 10.0

Particle diameter ( i)




To

by Ven Wijk and Patterson(33), by Iendanl and Hermamn(36) ama
by Wilson and Ia Mer.(37) she dusts used and the methods
employed by these workers varied and the results were compared
independently by Brown ot.alo(z’s) and Davioa(”), on the basis
of spherical particles of unit density. Their ourves are shown
in Pig. 1l.4. Brown et.al. showed that the optimum size
particles for alveolar deposition is about lp and the
probability of their being so deposited is the same for
particles smaller and larger than 1lp, while Davies indicated
that a peak deposition, ranging fron 50 to 60 per cent of
particles, occurs at 1.5 to 2p in diameter, and about 30% of
the 5u particles are retained.

No absolute standard has yet been fixed for the
maximum allowable concentration of air-borne dust and from the
point of view of health, it is obvious that a gravimetric
estimation of concentration of dust is of little value, unless
it throws light on the quantity of dust in the sise range which
is of physiological significance. Arbitrary standards of
‘approved conditions' do, however, exist. FPor example, in
ocal-mines, Bedford and Warner(40) suggested that partioles
<53 should not exceed 660 particles per cubic centimetre of
air (p.p.c.c.), out of which 600 p.p.c.c. should be coal and
60 stone. The standards laid down by the Natiomal Coal
Boa.rd“l) are (1) 650 p.p.c.c. (1 - 5u) for anthracite,

(2) 850 p.p.o.0. (1 = 5p) for bituminous coal, and
(3) 450 pop.c.o. (0.5 = 5u) for stone dust. On a grav:lmtric
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vasis, Briscos et.al.(49) concluded that the mass con-
centration of dust should not exceed 10 mg. of coal dust
and 1 mg, of 'o_tm' or inorganic dust per ocu.m. of air
- and applies only to particles less than 5p.

Dust found in mines may be divided into two categories:
inherent and mechanical, .

Inherent dust, which is found lying alomg the cleavage
planes or 'slips' in any coal seam, is the result of attritiom,
which occurred during formation of those cleavage planes.

~ 'Nechaniocal' dust is produced by slmost every operation

'in the working and trensport of coal, such as coaloutting,
- loading, drilling, shot-firing and conveying and is also
influenced by the standard of roof control. B8ince 1948, the
' mtroduotion of organiged dust—mprouion has resulted in
[ progroniva decrease of dust:l.nou, as evidenced by the
‘fact that the mean concentration in the working plaou bas
been rcduced from 9500 p.poc.o. in 1949 to 4000 PePoCsC. in
1952 and to about 500 popoo.c. 42 vy 1954,

The task of the engineer in maintaining the standards
of dust-cleanliness divides itself into -

(1) ocontrol of dust at the dust-source, and

(11) suppression of air-borme dusts.
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DRLrol Rethous to prevent dust at squres ‘

(a) pulsed-infusion shotfiring (water-blasting),

(b) water-infusion and wet-cutting,

(¢) Dry arilling, with push-and-pull fan ventilation \
and various kinds of dust traps.

(4) water sprays, |
(e) comsolidation of roadways, )
(£) wuse of steanm,
(g) filters in airways, electrical preoipitator

or ultrasonic agglomerator. ‘

Water is the principal agent used to suppress dust |
during coal~cutting, dlasting, loading and tramnsferring. \
At the coal-face, wet cutting and water infusion are the
most widely used methods., The introduction of the "Whale® ‘
type jidb in wet-outt:l.ng(a), where internal jeti can spray
in all Adireotions inside the out, has resulted in more \
effective suppression of dust. Water infusion is the
process of injection of water under pressure into a coal- \
seam through bore~holes for the purposes of wetting preformed
dust, softening the coal-seam and inoreasing its
"ploughadility®. As the coal substance is impervious, water ‘
passes along the cleavage planes and hair structures, whioch
Join these cioavage planes, It is on these planes and ‘
fractures that the inherent dust is formed and it is wetted \
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in situ, before the coal is worked, The success of
infusion in any seanm depends on a systematic study of the
factors, which condition the penetration of water into the
seam, The faoctors :lnolude(”) position, spacing and depth
of infusion holes, preasure, quantity and rate of flow of
water, position of the seal in the infusion hole, simultane—
ous or battery infusing and gas emission. Conditions in
British mines have shown that the holes should cut the main
cleavages or slips at an angle of from 60 to 90 degrees, the
holes being between 4.5 and 5.5 cm. in diameter and 2.75 to
4.5 m, apart.‘ The quantity of water is obviously influenced
by the character of coal and the associated roof and floor
beds, and an average valus is about 7 litres per ton of
coal. The rate of flow ranges from 7 to 11 litres per
minute and the infusion pressure from 7 to 35 Kg/sq.cm.
(100 - 500 p.8.1.). On faces where the pressure for infusion
is high or evaporation losses due to slow rates of advance
are considerable, the use of wetting agents and waste
transformer oil in the form of an emulsion gave encouraging
results, with reduced quantity of water, reduced pressure
and reduced evaporation losses.

The technique of blasting, known as pulsed infusion,
where the shot is fired under water pressure of about
28 Kg/sq.cm., has proved beneficial in reducing air-borne
dust during the shotfiring shift. Here the shothole is
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charged with special explosives(44), which are capable of
efficient detonation under water pressures up to

70 Kg/sq.cm. (1000 p.s.i.), the infusion tube is then
placed in the mouth of the shot-hole, the water is turned
on and the shot 1s fired while under water pressure.

Water sprays are used in wet-cutting and also at
loading and transfer points, Sprays for wet-cutting issue
from jets sbout 6.5 mm. diameter and a quantity of about
14 litres per metre of face ocut is required at pressures
around 5 Kg/sq.om. The "fixed am-" which are used to
suppress dust at transfer and losding points, use specially
designed nossles 1.5 tv 6 mm, in diameter with the pressure-
range from 7 to 35 Kg/sq.cm. Three types of fixed sprays are
classified, according to the feeding systems used: 45)

(1) Simple orifice nozgle, where the 1liquid is

injected into the gas through a plain orifice
(e.g. Morris Spray).

(11) Hollow cone noszle with tangentis) feed: The
1iquid is introduced tangentially into a cyoclone
chamber, in which it rotates as a whirlpool with
the shape of a rotating hollow cone and is ejected
from the orifice as a hollow cone (e.g. Porter
sprays).

(111) High capaoity swirl nozsle with fixed screw.

Here the rotation of the liquid is achieved by
fixed screw or slanted channels. (e.g. Korting

séray) o
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Under conditions where the use of water is precluded

(e.g. high rock temperatures in the deeper levels of mines),
the dry suppression methods consist of collection or damping
of the cuttings, after extraction from the hole in an air
stream induced by an ejector system. In some cases, the
cuttings are extracted at the mouth of the hole by a dust

- hoods 1in others, they are extracted from the point of
drilling thrqugh the drill rod. The Holman Dryductor and
Hemborn Suct:fon system, used in combination with the Huwood-~
Holman V bag filter, the Vokes dust trap and the Hemborn dust
filter lgave been proved to suppress dangerous dust as
effiociently as typical wet methods. Bit wear is also found
to be less with dry drilling procesaee.“s) .

The advent of a flameproof ateam-raiaer(ﬂ) based on
the immersion-heater principle has now made steam avallable
for underground dust suppression. Experiments with steam at
surface mine tipplers have shown greater degree of dust
suppression. Further, a very much smaller quantity of water
is needed; if it is used in the form of steam.

Consclidation of roadways is effected by treating the
floor first with a wetting agent and then with some hygroscopic
salt, so that when trodden on, it becomes plastic. Flaked
calcium chloride is normally used and if the relative humidity
is greater than 75%, common salt oan be used, with a good
reduction in cost. In Germany, it is claimed thé.t the salt-
crugt treatment(w) of the roadways is more effective, due to
Teduced redispersion of settled dust.
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;_362 Iigquid spray formation

A liquid spray is generally considered to be a
zone of liquid droplets projected into a gaseous medium,
and spraying is the process of atomisation of a liquid jet
into a multitude of these droplets. The general purposes
of spraying a liquid in air are to increase the surface
area of a given mass of liquid and to distribute this
1iquid in air in such a way that the air volume swept by

the 1liquid is large.  Sprays in practice encompass a 106—2'010

012

range of drop sizes, a 107“-fold range of drop areas and a

1018-1'01(1 range of drop volmesoug)

To break-up a liquid mass, it 1s first forced to
assume an unstable free liquid configuration of large
surface area. This is accomplished by imparting to it
kinetic energy, which causes it to fiow through some device
which forms it into filaments or a liquid sheet. Because of
mtace tension, the configuration of large surface area is
unstable, and on undergoing disturbances, e.g. the force of
gaseous friction, it breaks up into a system of droplets,
While the process of break-up is resisted by the viscosity
of the liquid, the process of surface formation is resisted
by surface tension and viscosity.

The break-up may happen in less than one-millionth
of a second. Some kinetic energy imparted to the liquid
mass appears a8 suffat_:e energy in the spray, but the major
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portion of the kinetic energy is retained by the spray
drops, causing them to penetrate into the gaseous medium,
into which the spray is directed.

Soon after its formation, a spray droplet takes up a
terminal velocity with respect to the ambient gas, which is
equal to its falling velocity under gravity. The terminal
velocities of spheres falling freely in infinite gas volume
are shown in Table 1l.1. The falling velocity of drops of
large size 500 -~ 5000 p i8 likely to be lower than rigid
spheres of the same diameter, since they are affected by
deformation and internal circulation. It may also be
noted from the Table that drope over 100 p in diameter -
fall at terminal velocities greater than 30 cm/sec. and
will rapidly disengage themselves from any spray moving
‘horizontally. _ | '

The process of spray formation and the precise
mechanism of atomisation of liquid jets at high injection
velocities are complex and are generally known to be
dependent on three factors - |

(1) the disturbances set up in the liquid flowing

through the atomiser; ' '
- .-(11) the properties of the medium into which the
Jet is discharged;

"(1i1)the physical properties of the discharged

liquid. '
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Each contributes to the process; but the difficulty of
separating the factors has so far prevented an assessment
of the exact contribution of each to the disintegration of
the liquid Jet.

| Rayleigh(SO) offered one of fhe first theories of
11quid jet disintegration based upon a mathematical analysis
of the stability of a non-viscous jet. He considered a
laminar 1iquid flow with a velocity potential and with the
Jet only under the influence of surface tension forces, and
found that a jet would be unstable and ready to disrupt, if
its length were greater than its ci:dmnference, 1.e.4>2 % .
His conclusions were utilised in the later theories of
Castleman, (51) Haenle1n(52) ana weber.(53) Some authnors
have stressed the fact that turbulent flow in the atomiser .
aids the process of atomisationsy +thus llchlig‘sn and
Schweitzer(”) indicated that this turbuleﬁce produced a
radial component of liquid velocity, which enabled the
disintegrating jet to overcome the forces of surface temsion.
Ihiamsn(ss) believed that. disintegration was influenced by
- the relative velocity between the outside of the liquid jet
and the air itself. While Strasheuski(57) concludea that
air resistance and high jet velbc:lty are the main factors
causing and controlling spray formation, Oochatz(sa) clainmed
that the final atomisation of the Jét was mainly dependent
on the resistance of the surrounding atmosphere.
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Spray formation has been studied photographically(59)
and three or even four stages of jet disruption were observed
and attempts made to relate them to certain values of
Reynolds Number( 6.0)

castleman{61) nas put forward a theory of jet disruption,
assuming that the most important factor is the effect of air
friction, which causeés the tearing of ligaments from the main
Jet core. It is claimed that the size of li‘quid droplota
reaches a lower limit at high discharge velocit:lu; when this
condition is reached, the uga.ments collapsc, as soon as they
are formed, and any further inorease in the velocity (higher
injection pressure) above 10,000 - 12,000 cm/sec., will not
prodnce droplots of smaller sise, Thia theory would seem to
be Justified 1n practice where it 1a found that at high
atomisation pressures, the average droplet size is reduced
by an increase in the mmber of emall droplets rather than
by a reduction in the size of the smallest droplets,(62)(63)

. The performance of an atomiser depends upon (1) the
throughput of the spray noszle, (2) the cone-angle of the
spray, (3) the average droplet-size and (4) the droplet-sige
distribution. Utilising dimensional analysis, the relation
between the propertiéu of the liquid and the atomiser has
been found to 'he(64) as follows s~

a ¥ m %
B PL /6
D, (Ap,e) (a:)
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1.7 Capture of dust particles by spray droplets
To elucidate the principles involved, the analysis

céﬁ'be simplified to the consideration of the action of one
water drop moving through a dust cloud. Best(65) has shown
: that‘droplete of water in air can be regarded as spherical
when they are less than 1 m.m(1000s) in diameter. When a .
water drop tra&eraee such a cloud, it sweeps out a long
cylindrical volume of space, but not all the dust particles
contained in this volume are hit by the drop., Air is
displaced sideways out of the track of the drop and some of
the dust particles in this air are also carried out of the
path. The fraction of the dust lying in the path of the
drop which collides with 1t and is removed from the cloud
is detined as the "collection erficiepcy" of the §rop° .

The problem of the collection efficiency of large
spheres moving through a cloud of smaller particles has been
'studied theoretically by a number of workers, notably by
Langmuir and Blodgett(®¢) ana Ponda and Herne(S7), ana
experimentally by Walton and Woolcock(se).

The theoretical 1nveatigatioﬁé involve a number of
eimplifying assumptions and the theofiesvage based on the
physical model which comprises a sphere (the drop) of
diameter ZDp moving at a velocity v relative to a fluid
(air) of density p, and viscoeity Ny The fluid contains
spherical duét particles of diameter dp and denaity Pg
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initially at rest with respect to the filuid. As the
sphere moves through the fluid, the latter is displaced
6gt of its path and tends to drag the dust particles with
it, The latter, however, because of their mass, are not
immediately accelerated to the velocity of the fluid, but
lag behind, so that a proportion collide with the sphere;
these are the captured particles. Particles whose centres
follow paths that pass within a particle radius of the
sphere are assumed to make contact. The collection efficiency
E is then the ratio of the number of particles hitting the
sphere to the number whose centres initially lay within its
track,

By the method of dimensional analysis, a theoretical
relationship may be developed between the collection .
efficiency and the significant variables for the drop, for
the fluid and for the dust thus:

, 2
g - ¢ [YParDy, Topgeds 22)
2 ng 2 naaDp Dp :

Studies of the trajectories of particles moving under
the combined influence of inertia and viscous forces due to
fluid flow round a sphere have been made by Langmuir and
Blodgett(GG), Das(sg), Bosanquet(7°), vasseur(71) and Se110(72)
Fonda and Herne(67o_gave an analytical treatment of the
problem, by assuming that the flow pattern is that of a
fluid around a sphere (water drop) and is undisturbed by
the presence of the dust particles, If the particle is in
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the path of the sphere, the two may impact, but the flow
of fluid round the moving sphere applies viscous forces to
the particles; which tend to remove it from the swept path
of the sphere, Whether impact occurs or not depends on
the balance of viscous and inertial forces acting on the
particle as the sphere approabhes it,

‘On the assumption that the viscous drag force on the
dust particle is directly proportional to the vector of the
relative veloeity of the particle in the fluid, the
magnitude of the viscous drag on the particle, taken as a
sphere, is 3ﬁodpov°n& and therefore the parficle behaviour
can be completely characterised by the quant;ty

Viscous drag force In.4_oV.7
Inertial force or's —~——23—u~3 o
g odpopB

The dust particle trajectories within the fluid for
purely viscous flow and for potential flow enable one to
find which particles initially in the track of the drop
ultimately collide with it, A laboratory investigation of
the beh;viour of methylene blue particles and water apheres<68>
showed that all impacts lead to @aptq:e of the sﬁéll particle
by the larger sphere. On the other hand Brown(?3) éuggeated
that bouncing can occur with a probability depending on the
relative velocity and the angle of incidence of each on the

| other,




- 20,

A basic Parameter K has been defined, which is
dimensionless and whose magnitude is a measure of the ratio

of inertial to viscous effects.

2
Pg °dp oV

9 na"Dp

K =

The curves showing the relationship of this parameter K to
the collection efficiency of particles by droplets are given
in Pig. 1.5,

1.8 Objects of research

Although a great deal of work has already been carried
out in the mines on the suppression of fine dusts by sprays
under widely varying conditions of wind velocity and dust
concentration, it was felt that research should be initiated
on the suppression of_air-borne dusts by sprays under
carefully controlled laboratory conditions. This project,
thus, became a part‘of.the Pneumoconiosis Research programme
formerly suppbrted by the Scdftish Division of the National .
Coal Board, ‘

Earlier workers in this programme had been engaged in
the development of apparatus, for the examination of the air-
settling characteristics of fine dust of a particle-size

(62) used a dust chamber, into which

dangerous to health, Glen
the dust was injected and dispersed and which incorporated

three pairs of photo-electric cells, connected in opposition
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and to a mirror galvanometer. The concentration of the
dust cloud in the chamber was measured by the light
extinction method. The effects of increased relative
humidity and of mixing mineral dusts with silica were
investigated by Maasie,(74)

Hunter and others(63) measured the effectiveness of
swirl atomisers on static dust clouds and studied the use
of wetting agents for dust suppression. Their investiga-
tions were carried out in a dust chamber, with sprays not |
exceeding an atomisation pressure of 62 1bs/1in?(4.36 Kg/sq.cm.).
It was later envisaged that dust sﬁppresaidn systems should '
be studied in a dust tummel, where reproducible dust con-
centrations and air velocities could be'obtained over a wide
range of vﬁluea;fand the dust suppression efficiency could
be evaluated quantitatively for a wide range of atomiser
characteristics and spray-fluids, by means of thermal
precipitator samples of the air-borne dué¥vfﬁken simul tane-
ously before and after the duat,auppresaion.eystem°

Walton and Woolcock'®®) showed that the mean efficiency
of dust-suppression was as great as 55% for 2u dust and 28%
for 1u duét for iOOu drops proJecteq at 3000f¢m/beoo and
concluded that the high=-velocity spray tfom a pressure nogzzle
might provide é_practicable way of treating concentrated
clouds near the source of production or ducted therefrom.

The objedt of the author’s research was accordingly
to study the effectivenese of such a laboratory flow system

for carrying dust<laden air streams and to measure
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quantitatively the influence of high spray pressure and
high wetting power of the fluid sprayed, on the efficiency
of dust-suppression.,

Earlier theoretical work has always assumed that

dioplet»particle impact results in particle capture. If the

particle is diffioult to wet with the droplet 1liquid a
proportion of the impacts may mot result in capture, the
particle merely bouncing off into space. Thus the addition
of a wetting agent may well be crucial for the effective
auppreaaidn of some dusts,

To avoid personal error in particle size analysis an
automatic particle counter utilising a wide-slit scamning
technique and a photo-electric device was employed, It was
necessary to ensure that the sige of droplets produced at
very high pressures (2750 p.s.i.) followed the same laws as
those produced at low piesaureb (60 p.s.ic). Thus a method
of droplet size measurements using the automatic particle
counter was necessary and had to be evolved and droplets
"8ized over a suitable pressure range.

The amount of water required to suppress a given
quantity of air-borne dust had already been asses;ed(75).
It was naoesaary to extend this to higher spfa&'proasures
and to evaluate it for sprays of different wetting power.

It was also decided to study the effect of spraying
dusty air with a number of high pressure hollaw cone sprn&a
arranged in series (tandem sprays) to find the maximum
possible dust suppression in such a dust tunnel and the
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effect of increased water throughput at a specific
pressure on the amount of water required to suppress

a given quantity of dust.
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2 TALLATION OF AN EXPERIMENTAL DUST NEL ALLIED
APPARATUS

2,1 The Wind Tunnel

Earlier experiments on dust suppreésion (62)(63) were
carried out in-a dust chamber, using stationary dust clouds
and though by themselves informative these experiments bore
no direct correlation to the actualiﬁining conditions, A
dust tunnel was therefore designed,; through which dust-laden
air-streams similar to those actually encountered in mining
practice could be passed and quantitative experiments on
dust-suppression could be undertaken,

The experimental dust tunnel was originally constructed

by Hutcheson and sweetin(7®)

and was subsequently modified
from time to time by the author. A drawing of the tunnel
(not to scale), as it stands now, is shown in Fig. 2.1 and a
view, looking from the fan end, is seen in Plate I.

The tunnel consists of seven lengths of 1l6-=gauge mild-
steel welded dﬁctihgg flanged at the ends and fitted with
rubber gaskets, The overall length of the tunnel is about
2(5metreé and the outside diameter 45.72 cms.(18"),

A 45.72 cm.(18") Keith-Blackman centrifugal fan, capable
of producing an airflow of 1000 cm./sec. (about 2000 ft/min.)
against a back pressure of 5 cm, water gauge (w.g.) was
fitted to the higher end of the ducting by & flexible rubber
tubing. The fan wes driven at 1500 r.p.m. by a 2 H.P. fan-
cooled squirrel-cage motor (400/440 volts, 3 phase, 50 cycle

AC.). The airflow intc the tumne) was made variable by
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fitting a Keith-Blackman Radial-leaf Damper to the fan inlet.
This enabled the air velocity to be set to any desired value
between 50 and 1000 cm./sec. (100 - 2000 f£t/min.),

A 6.4 mmo(;/4 in,) mesh honeycomb structure, 10 cm, in
depth, was fixed into the ducting immediately after the
blower in an attempt to even out the air-flow patternm in
the tunnel but this was later augmented by fitting a baffle
plate of diameter D (32.35 cm.), concentric with the duct
at a distance of agg;t 3 metres from the fan and an anti-spin®
baffle of length 3D (1,37 metres) along the axis of the duct,
making contact with the back of the D baffle and of course
perpendicular to it. The significance of the baffle plates
with reference to the airflow pattern in the {tummnel is more
fully discussed in Chapter 3.

A perspex window was provided in the centre section of
the tunnel; where the dust-—-suppression spray-systems could be
watched and carefully controlled. Holes were cut for two
thermal precipitator heads on either side of the spraying
section. The °‘top’ thermal precipitator was about 7 metres
distant from the fan on one side and is about 8.2 metres
distant from the 'bottom’ thermal precipitator on the other
side,

The tunnel was mounted on angle-iron and wood supports,
with the bottom end 15 cm. lower than the fan end, so that the
water from the sprays would drain away easily. A 2.5 cm, high
- catchment dam was built across the lower end of the tunnel and

a 1 cm, hole was drilled for water-drainage. This catchment

e



dam was found Inadequate and was subsequently replaced by
a 706 cm0 high catchment dam before the end of the fifth
length of ducting and a 5 om0 diameter hole was drilled for
draining water away®

A venturi tube was positioned within the tunnel near
the downstream end and calibrated against a vane anemometer®
A Keith-Blackman W-type viscous oil film filter battery,
comprising four trays soaked with light lubricating oil and
set at 45° to the horizontal, was fitted to the lower end of
the dust tunnel by flexible rubber tubing® The dust-laden
airstream was thus made to pass through the oil film, before
escaping to the atmosphere®

The inside surface of the airduct was coated with hard
gloss white paint® Angle-iron and wood supports, as also the
flexible rubber tubing connecting the fan to the tunnel, kept

vibrations due to the electric motor and fan to a minimumO

202 Allied Equipment for the dust tunnel

2020l Dust-feeding Machine: A dust generator capable
of producing a dust cloud with reasonably constant charac-
teristics, was fixed at the top end of the tunnel at about
185 metres downstream from the fan® The outlet end of the
injector nozzle was placed exactly at the oentre of the
tunnel cross-section, facing downstream® The unit is shown
in Pig® 2@2 and a view of the dust feeding mechanism is seen
in Plate II®
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The dust generator was a modified vereion of the
apparatus desoribed by Hattersley et.alnn and consisted
essentially of a dust-metering device and a means of
dispersing the dust into the air stream. The dust was
placed in a truncated cone hopper, which was fastened to
a vertical steel column and capable of being raised or
lowered. Under this hopper, rotated a horizontal plate
with three ooncentric grooves cut on its surface and as the
plate ro_ta.ted,: dust flowed from the lower edge of the hopper
and was swept across the plate by a soraper system, filling
the groovee. The compressed-air ejector, with its bottom
end placed on top of a particular dust-filled groove,
“sucked the dust out of the groove and blew it, mixed with
a'.lr, into the tunmnel.

Two cirocular 18 cm. perspex plates had three concentric
| 3rooves ocut on each of their surfaces and one or the other
oould be arranged to rotate under the hopper. The groove
siges have been given below for the two plates:

CSABIE 2.3 Dust Plate ]
Outer Groove | Middle Groove Inner Groove
Width Depth Width Depth width Depth
i s, TR, ~ 280 R, L M. L N

9015 1059 1202 ' 1059 1202 1059
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TABLE 2.2 Dust Plate JI
Outer Groove Middle Groove Inner Groove
Width | Depth Width Depth Width | Depth
Jm, mm, mm, mm . mm, 1\ T
5,08 | 1.59 4.32 1.27 4.57 | 1.27

These plates‘were driven by a small electric motor
operating through a V-rope belt running on cone pulleys and
a step~-down gear box, With this system, it was possible to
run the dust plates at 8 different speeds, viz. 0,420, 0,520,
0.568, 0,700, 0,705, 0.885, 0,940 and 1,185 r.p.m,

Theoretical dust concéntratidné could be calculated
-from the linear velocities, the dust-groove dimensions and the
bulk density of dust, as shown in example given 1n‘2o4.,2°

Inside the hopper was placed a wooden cone of small
diameter with four scraper blades attached to its base. These
blades fed the dust out through the space between the hopper
and the rotating plate. A secondary scraper in the form of
thin brass strip of trapezium shape was fixed to a second
vertical steel column to sweep the dust across the plate and to
fi11 the grooves with dust., This scraper could be adjusted at
any angle by pressing on to the rotating plate, so that the
grooves were fﬁlly and evenly filled with dust., Reasonably
good results were obtained by having a clearance of about 4 mm,
between the hopper and the dust plate. This adjustment helped
to f£ill the groove in the plate éompletely, with a small
trickle of dust going to waste.

I —————————————————
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For dispersing the dust, the bottom end of the .
all-glass ejector could be set on any required grqévq 'of the
dust plate, with the secondary scoraper just behind it. The
‘ejector was operated by an airblower, which provid@d
compressed air at 4 om.w.g. The aucj:ion developed at' the
top of the ejector was 5 mm.w.go |

The concentration of the dust cloud 111 the duat tunnel
could thus be altered by:

(a) varying the air velocity at the centrifugal fan air-inlet,
(b) changing the sige of the dust groove on eithéi' of the
plates, and ' '
(¢) varying the speed of revolution of the plate used.
By using combinations of these ‘three ﬁotom, pu‘tioularl_y
the first two, a wide range of dust concentrations from
350 p.p.c.c. to about 3000'pop‘oc.‘o. was obtained. Theoretical
dust concentrations based on dimr;aiona of the rotating plate
and size analysis of the coal dust appear elsewhere in this
 section. . ' |
2:2.2 The Dust Suppression System: The Spraying Unit

This unit was the outcome of much preliminary work.

The liquid to be atomised wash pumped by a three-throw
reciprocating plunger pump manufactured by G. and J, WQir”a)
through an air cushion cylinder fo the spray nozzléa. The

~ pressure of spray could be as high as 210Kg./8q.cm.

(3000 p.s.i.) dependiing”upon' the diameter of nozgle orifice
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and could be controlled easily to any desired wvalue by
varying the speed of the motor and the setting of a by-pass
valve. The characteristics of the pump and the various
swirl spray noszzles used are discussed in more detail in
Chapters 6 and 7,

2:,2.3 Instruments for dust-sampling: Standard thermal
precipitators were employed to assess the air-borne dust
concentration before and after the dust-suppression unit.

A gravimetric dust sampler was also used for comparison
purposes. |

(a) Therma] Precipitator: The thermal precipitator(7?’
which is the reference instrument used in British coal hinen
to assess the concentration of reapirable-a'ize. dust, was

originally designed by Wtelaw-@ray and developed by Green
| and Watson(m); making use of the Aitken effect that the
space surrounding & hot body is dust-free. (Fig.2.3).

Fine so0lid particles suspended in the gas in the
imediate vicinity of a hot body, are repelled from it as
a result of the differen_tj.al bombardment set up by the
thermal gradient in the gas. The hot body thus becomes
surrounded by a region of dust-free gas., The dust particles
are deposited in linear streaks on thin microscope cover
glasses placed on either side of 2 hot wire,

The instrument consisted of two main parts, the head
carrying the hot wire (Pig.2.4) and the aspirator, inducing
air-flow through the head by water displacement, The total
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volume of water displaced is a direct measure of the |
volume of the air sample. The precipitator head takes
the form of a cube. It comprises two brass blocks sorewed
together, and two sets of three strips of bakelite placed
between to make a vertical slot.

A nichrome wire 0,025 cm. in diameter and 0.965 om,
long passea between these spacers and centrally across the
" slot. (One end of the wire is conmeoted to an insulated
» t_ermina.lg the other end to a spring, which keeps the wire

taut when heated through the centre of each block.
Cylindrical holes of 19 mm, d:laineter are cut and cover
glasses are inserted through these holes so that they rest
agéimt the spacers on either side of the wire and are then
held :l.n position by closely fitting brass plugs. The wire
is heated to about ioo"c by passing a steady ourrent of
1.5 amp from & 4.5 volt battery. At this temperature the
diameter of the dust-free space is larger than the distance
separating the cover—-glasses.

Ir operation, dusty air is drawn through a slot -
0,051 o, by 0095 cm. in crose seotion at a velooity of .
around 140 om./sidn., the sampling rate thus being maintained
‘betwen 65and Too/zin, The air passes between the cover glasses

Placed on opposite sides of the wire at a distance of 0,01 cm.

from it, The brass plugs in contact with the cover-slips,
conduct the heat away from the glass and maintain a
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sufficiently steep temperature gradient to ensure complete
preoipitation of particles,
o Prewitt and Waltan(el) found it reasonable to assume
thét the collecting efficiency of the instrument was 100 per
cent in the eize range 1.0 to 5.0 microns, provided that the
temperature of the hot-wire is adequate and that the rate of
flow of air through the precipitation zone is controlled
within the limits 6.5 c.c./min, and 7 c.c./min.

The volume of air to be drawn through the instrument
‘depends on the dust concentration. For instance, with
1000 popoCo.Co, 8 50 Co.c. sample would yield deposits adequate
for accurate counting. The cover-glasses are euhaoqﬁantly
- removed from the instrument and mounted on a standard 706 cm.
x 205 cm. microscope slide for particle counting and aizing

(b) Gravimetric Sampling: Experiments using ealicylioc
acid filters were: also eériied'out and simul taneous samples
from these two methode of sampling are compared in detail in
Chapter 56

2:2.4 instrumgnts o measure air velocity in the
Yunnel: Two instruments were installed to measure the
velocity of.air'flowing in the tunnel -

© (1) & Venturi meter

and  (ii) & hot-wire anemometer.
(a) Yenturi meter: A standard 15 cm. venturi tube was

placed along the axis of the tunnel near the lower end of
the duct at about 17 metres from the fan. (Fig.6). The
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pressure difference between the upstream end of the cone
and the throat (Fig.2.5) was read on an inclined manometer.
The venturi was calibrated against a vane anemometer and
was principally used to measure air-velocities exceeding
500 cm./sec. ( 1000 ft./min.). |
(b) Hot-wire anemometer: The instrumentation of the
hot-wire anempmeter, used to measure accurately low air
velocities in the tumnel is shown in Fig. 2.6. It consisted
of a copper-constanton thermocouple with one Junction
directly exposed to the air in the centre of the duct.

The other junction had a heating coil of 60 ohms resistance
wound round it. A steady current of 0.26 amperes was
. passed through this coil from an 18-volt accumulator. This
accumulator was latterly replaced by a small rectifier unit,
taking its supply from the A.C. mains. The heated junction
caused a potential difference and this was read on a milli-
voltmeter. When the air was flowing along the tunnel, the
heat received by the Junction was dependent on the cooling
effect of the air on the coil and thus on the air velocity.
The hot-wire anemometer was calibrated aéamst an accurate
vans anemometer.
Generally the routine maintenance of the tunnel
consisted of - |
(a) cleaning and resetting of the Keith-Black ofl
film filter, '
(b) periodic recalibration of the hot-wire anemometer
to allow for the effect of seasonal fluctuations
of ambient air temperature,



FIG.25 VENTURIMETER

-J—-——--.—-——J ———————— )—

FIG.2.6. HOT -WIRE ANEMOMETER

Hot and cold junction

\
\ g——-————Heating coil

Resistance ___~ c

] FY



34.

(c) cleaning the precipitator head and aspirator,

(d) cleaning the air cushion cylinder. of the spraying
unit and |

(e) cleaning and resetting the dust injection unit.

2:3__Preparation of coal-dust for experiments

" " About 25 kg. of boiler house singles coal were first
air dried overnight and then passed through jaw crusher and
roller mill until the product obtained was about 3 mm. in
eige. This material was dried in small qtantitioa for some
hours at 110°C. The dry coal was passed through a high speed
laboratory hammer mill, and subsequently ground further in
batches of 40 -~ 50 g. in a mechaniocal agate mortar rbr one-
hour periods. The product obtained from the agate mortar was
sieved through 300 B.S. Sieve to ensure that the particle
eige of this exi:ériﬁental dust 414 not exceed 53 microns.

Ihg sige-analysis of the dust described in Ghaptei 4, later
proved that more then 90 per cent of the aii;bdmc particles
in the duct were below 5 micron in sige. |

2 S theoreti considerat

204:1 Criti velocity for tur t the
tumnel: Por flow in a tunnel of circular crosa-secfion.
the condition for turbulent flow is

Re > 2300
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For & tumnel of diameter 18 inches, the critical velooity |
of flow for turbulence . |

v, = x = 2500 Q.14
(] (]
Py 18 x 2.54

= 7004; cmo/aﬂcc (13082 fto/min.)

1.e, at speeds above 13.8 ft./min., at ambient temperatures,
the air flow in the tunnel is turbulent.

In turbulent flow, the transfer of momentum takes
place as a result of the movement of comparatively large
groups of molecules or eddies acroeé the section of the duot
and the velooity distribution lew, as formulated by Pranat1(%e) -
is 111ﬁ§trated in Pig. 2.7. For a range of air velocity in
the duct 14 ft./min, (7 om./ssc.) to 3 x 104 f./min,
(1.5 ;.104.cm./seé.) (when Re -'1507) the velocity profile
over the cross-section will be between curves II and III.
The experimental velocity mauﬁrcmom‘:n and the effect of
baffle plates on velocity profile are discussed in Chapter 3.

Dust concentrations in the tunmel could be calculated
theoretiocally for different air velooities, from a knowledge
of the dimensions of the dust-plate groove employed and also
velocity of approach of groove and average particle size of
‘the dust. This also provided a rough guide for choosing the
right combination of dust-groove and air velocity for a
desired dust concentration in the tunnel.
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An example for the theoretical calculation of dust
ejected from the dust machine on the basis of 100 per cent
efficiency, is given below:

Specification of groove: Groove No.2, Plate I.

Inner diameter of groove eeo 13,08 cm,
Outer diameter of groove ooe 140,28 cm,
Depth of groove ooo 0.1589 om,
. o Yolume of groove = § (14.26% - 13.08)? x 0.1589

= 3,86 o.0/revolution of groove
. Weight of dust ejoctod; assuming 100% effiociency,
= volume x bulk density x Rev./min.
= 3,86 x 0,0196 x 27,68 x 1.191
- 2,465 g./min, :
No. of particles < 6,59 = wt. of dust/min.x particles <6.5u/gm.
= 2,465 x 8760 x 10° (experimental )
= 21.62 x 10° particles/min.
At an air velocity of 150 ft/min. in the wind tunnel, volume
of air in the tumel

- 30560, 5 (18 2.54)% = 7.508 ;’:0:1::%

e e

°°° Bumber of partiocles < 6.59u present in the tummel

'. 28& p.p. - Y P
Thus. the theoretiocal dust-concentration was calculated
at different velocities, as shown in Table 2.3,
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JABLE 2.3
Theoretical dust-oconcentration in.the tunnel

popo°o°o (‘ 60,9 .‘,
Speed of plate ... 1,191 R.P.M.

Tunnel mean ’ Dust~concentration in popoooc.l
Air Velocity
No. | cm./sec.|ft./min. Flate I.

1 ) 150 2880
2 125 . 250 1810
3 200 400 . 1130
4 450 900 502

€4 o~-kinstic sampling for the thermsa.

Precipitator: In order to obtain a sample of dust truly

representative of its concentration and sise distridbution
in the eir that carries it, the velooity of the dusty air
entering the sampling instrument showld be exactly equal
to that in the main stream. If the velocity of sampling
be lower than the air velocity, the greater inertia of
thé larger particles causes them to be collectod preferen—
tially. On the other hand, too high velocity of sample
intake results in the rejection of some of the larger
particles., It appears, however, that this equalisation

" of sampling and stream velocities can never be truly attained
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in mining practice, not only because air velocities in
the mine vary greatly from instant to instant and from
place to place, but also because sampling instruments
like fhe thermal precipitators are designed to be hoat
efficient within a closely-~controlled rate of sampling,
For instance, a thermal precipitator head sucking in dusty
air through a slot 0.051 by 0.95 cm. in cross-section at a
controlled rate of around 7 c¢.c./min, assumes a sampling
velocity of only 2.35 cm./sec. (4.7 £t/min.).

Withers(SB), howéverp was unable to find any
appreciable change in size selection when the ratio of
ambient air-velocity to sampling velocity varied from 0.6
to 2.2,

If one assumes an air velocity of 100 cm./eec.

(200 ft./min.), which is quite a normasl figure in mines,
 and control the rate of sampling for maximum thermal
precipitator efficiency at 7 c.c./minute, to obtain an
1§ok1netic sampling, the area of thermal precipitator
inlet mouthpiece must be

= %88 = 0,117 eq.mm.

Thus if the inlet had a circular cross-section, the
diameter of the mouthpiece should be

</ Q?Al%-u = OQ386 mn,.

or 386 microns,

This is much too small for practiocal operation,
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- From these figures, it is quite apparent that
under mining conditions isokinetic sampling camnot be
effectively carried out, and so it has become necessary
almost completely to ignore the effect of differential
velocities in sampling procedures for thermal
precipitators.
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stribut f a oc

3.1.1 JIntroduction: Since the air flow in the tunnel
~was created by a centrif‘ugal fan, capable of producing f1low-
rates ‘in the range 50 - 1000 cmo/soco, it wes ‘dccidad that a
knowledge of the air-velocity q‘istribution at varioua oross-

soétions of the tunnel would b: necessary, Non-uniform
velocity distribution would then be corrected by suitable
‘baffles placed in the tumnel. An N.P.I. hemiepherical head
pitot tube was employed to me.aaaure air velocitics, since it
produced no approciablo preasure loss and it could bo
"mertea through & comparatively small hole iato the tummel
'allo The pitot—tube head of N.P.L. hemiapherical end
type is shown in Fig. 3.1. The two concentric tubes of the
pitot tube were connected to the two ends of a micromanometer
'which.-ma.aured accurately pressure differences to 0.0005 inch.
or 0,00127 cm., water gauge. |

" 3,1,2 Pitot-tube traverses: Since this device
measured the instantaneous velocity at ome point, it was .
necessary to .ta-.ke a number of readings at different points
to get a clear picture of velocity distribution across any
section of the tunnel. | A

A circular tunnel such as this was béat considered to

have its cross section divided into a number of concentric
rings of equal areas, as shown in Pig. 3.2, The intersection
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of the circle which divided each of these areas into

two equal parts with a diameter determined the points

at which the pitot-tube head was to be placed. Thus

10 traversing points were obtained together with the
centre for any one diameter. Across any section of the
duct, four diameters - vertiocal, horizontal and two others
at 45° to those, were selected for traversing. For the
five concentric rings of equal area into which the tunnel
oross-seotion was considered to be divided, the required
distances to the oentres of the areas — viz. the
traversing points for the pitot-tube - from the wall of
the tunnel are given in the table below.

TABLE 3.1
Diameter of duct ... 45,72 cms.(18 inches)
blishment of Travers nts
Point Ko, Distance from | Point No. Distance from
‘ the wall.ons, the 'allomo
b § 1.19 6 30,08
2 3,75 7 35.39
3 6,68 8 . 39,05
4 10,33 9 41.97
5 15.64 10 44.53
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A hole of about 1.5 cm, diameter was made for the
insertion of the pitot-tube into the duct and it was
carefully plugged with a rubber bung when measurements
wére being made. Care was ﬁaken to ensure that the Pitot-
tube was placed accurately pointing upstream, since it has
been shown that inaccuracies to the extent of 21/24 1n
velocity could be obtained, if the tip of the tube wase
inclined at an angle of 20° to the air etreamo(84) The
readings of the micromanometer were taken at each of the
traversing points along each of the four diameters aocross
any section. The temperature of the air in the tunnel
dﬁring the experiment was also noted. Taking the pressure
of the air in the tunnel to be practically that of the
atmosphere andvaseuming‘tho air to be dry, the air velocity

was calculated from the formula (85)

Vet/min, = 174°24m - VB
- Xy /R
Io¥ the temperature of 65°F, this reduoee.to
Vee/min, = 3990./H
or ,vén/hec; e 2027./H

Having determined the velocity of air at different
points across any section, iso-velocity curves were drawn
to represent the velocity distribution.
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1 fec honeycomb_on veloc distribution:
Preliminary experiments indicated a most uneven distribution
of air, Accordingly, & 6.4 mm, (1/4") mesh honeycomb
structure, 45.72 cm. in diameter and 10.6 cms. deep, was
inserted in the ttrmel immediately affer the fan in an attempt
to even out the air fiowa(“)

The fan was set to give a velocity of about 250 cm./sec.
and pitot-tube traverses were carried out at the section of the
tunhel in line with the mouth of the dust-injector nozzle.

The velocity distribution curves showed that the

honeycomb device did not make a significant contribution
' towards even distributiqn of air, since it oou;d not exert
sufficient back pressure for the pﬁrpoeeo The air velocity
remained higher in the upper left quadrant of the tunnel (as
looking downstream) and lower in the bottom right quadrant.
_ For example, the velocity at the near end of the tunnel was
more than double that at the far end. (300 cm./sec. as
against 142 cm./sec.).

, The effect of overall air rate on the velocity
distribution in thetmnelthrough the honeycomb was also
investigated., Pitot-tube traverses were carried out at the
aamk'section, opening the damper of fan each time to change
the air velocity in gradual increments from 250 om./sec. to
' 750 cm;/sec. It was found that the velocity distribution
was more non-uniform at speeds higher than 400 cm./sec.,
and as the speed increased the high~velocity air in the
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upper left quadrant of the tunnel Sspun itself more into
the bottom right quadrant. |

- With a view to investigate the 'mture of the velocity
'die'l;ribution along the tmml with the honeycomb in position,
the fan was set for 150 cm./sec. and velocity measurements
at various points on foizr traverses were made at rive.
sections as follows :~ (see Pig. 2.1)

(a) at the mouth of the dust nozgle, |

(b) just in front of the thermal precipitator I,

(¢) 3just beyond the thermal precipitator I,

(a) jusf in front of the thermal ﬁreoip:ltator 11,
and (e) just beyond the thermel precipitator II.

This was repeated at speeds of 300 and 500 cm./sec.
and the results were plofted as iso-velocity curves for each
section. It was seen, as suspected, that the veloocity
distribution was by no means uniform and varied with the
traverse selected at any one section. The air fan seemed
to concentrate the maximum velocity in one quadrant of the
tumel seotion.

!he air flow at the tunnel cross-section corresponding
to the mouth of the dust nozzle was found to be very uneven.
Por example, for the fan set at a nominal 150 cm./sec., the
upper half of this section recorded a velocity as great as
325 om./sec., whereas the centre of the right half was
reeording one as low as 40 c’m;/eec‘., As the fan-damper was
opened more, it was found at this section that the maximum
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velocity streams slowly spun around clockwise (as looking
downstream), so much so that at the fan set for 500 cm./sec.,
the centre of the right half of the tuwsl had an air-velocity
of 650 cm./sec., while the centre of the left half of the
tanel) recorded a lower velocity of 300 cm./sec., as may be
seen in Fig. 3.5(a).

The air flow pattern, however, became more uniform, as
it passed along the tumel, At sections near the thermal
precipitators, the velocity ranged, for three damper
positions corresponding to 150, 300, 500 cm./sec. .
from 125 to 185 cm./sec., from 200 to 320 cm./sec., and from
425 to 600 cm./sec. respectively. It was interesting to note
that while at high velocity (500 cm./sec.) the point of
maximum velocity was siuated near the centre of the right
half of the tunnel, at lower velocities (150 cm./sec.), it
moved to the left half of the tunnel, but nearer to its axis.
It seemed that standing waves were being set up in the tunnel
at the higher wvelocities,

3.1.4 Effect of Half-area mizing baffle on velocity
distribution: To reduce this non-uniformity of air flow in
the turmmel, & half-area "mixing" baffle - a steel disc of
diameter D5 , Viz. 32.4 cme.(12,75") ~ was fitted concentric
‘'with the tumdl at about 3.7 metres from the fan., This had the
additional advantage in that the dust sample extracted from

such a system would be more representative.(87)



46,

Even when dust sampling was carried out 1aokinatically

as was done with a salicylic acid filter in later experiments,

the sample extracted might only be representative of the
material at the point of sampling and would not therefore
be representative of the whole of the material in the duct,
unless the dust had been:adequately mixed by means of a
suitable device., This mixing baffle could be expected to
ensure this effect.

With the honeycomb and the mixing baffle in their
positions, and the damper of the fan set for an air wvelocity
of about 500 ocm./eec., iso-velocity curves were obtained for

five sections of the tunnel as given below:

(1) Section distant 1 D (45.72 ocms.) beyond the baffle.

(11) Section distant 2 D beyond the baffle.

(111) Section distant 3 D beyond the baffle.

(iv) Section just in front of thermal precipitator I.

(v) Section just in front of thermal precipitator II.

The results for sections (i), (1i) and (1i1) are shown
in Pig. 3.3. |

On comparison of these with the iso-velocity curves
at the seoction corresponding to the position of fhz dust
nozsle (Pig. 3.5(a)), it was easily seen that the point of
high velocity wae still at the top right quadrant of the
tunnel, even at 3 tunnel-diameters beyond the mixing baffle.
There had been only a'small inorease in uniformity, but at
the sections near thermal precipitators, the points of
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maximum velocity were nearer the axis of the tunnel, though
not on the axis, The mixing baffle was thus not causing
auft:l.cient obstruction to ensure even velocity distribution.
Even at sections in front of the thermal preoipitatora, the
velocity ranged from 400 to 550 cm./sec, and the maximum
velocity was not along the axis,

3,105 _Effect of anti-spin baffle on the velocity
distribution: Obstruction of a greater cross-sectional
area of the tunnel by a larger mixing baffle might have
resulted in a better distribution of wvelocity; but it was
not attempted since it would have had greater impact on the
dust distribution in the tunnel, during the later experiments,
Also, since the velocity distribution pattern at the mouth of
the dust noggle was found to have a spin with increasing air
velocities, drifting the high velocity streams from the top
left quadrant at slow speed to the bottom right quadrant at
highér speeds, it was felt that some device should be sought
which could arrest the spin.

Accordingly, an "anti-spin®" baffle of length
3 D (1.37 metres) and breadth D (45.72 cms.), was fitted
along the axis of the tumnel, making contact with the back
of the Half Ares Mixing Ba;fﬂe and, of course, perpendicular
to it. The effect of this arrangement was studied by means
of iso-velocity curves at the same five sections and at the
same speed as was done for the D/& baffle alone and the
results for sections (i), (11i) and (1i1) are shown in
Pig. 3.4, and for seotions (iv) and (v) in Pig. 3.5(b) and (c).
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The movement of air and its progressive distribution
along the length of the anti-spin baffle plate made an
interesting study and Justified the use of the baffle, for
the purpose. |

Comparing with the velocity distribution patterns at
the mouth of the dust nogzle (Fig. 3.5(a)), and at 1D beyond
the D ] baffle when there was no anti-spin baffle (Fig. '303(9.))‘9
it was easily seen that even at a distance of one turmel-diameter
beyond the D,/ baffle, the anti-spin baffle had achieved a
fair measure of air-flow straightening which the D B baffle
by itself failed to achieve. The high velocity stireams seen
at the top left quadrant of Fig, 3.3(a) were found to have
distributed more uniformly into the bottom left quadrant as
well in Pig, 3.4(a). It was also clear from Fig. 3.4(c)
that a minimum length of three tumel diameters was necessary
to arreet the spin of air streams and distribute them more
evenly across the tummel. ‘ \

At the section, in front of the thermal precipitator I
(Fig. 3.5(b))}, the wﬁole effective section of the tunmel records
& velocity of 475 + 25 cm./sec. Obstructions like the thermal
Precipitator and the spray nozzle seemed to disturb the air
flow significantly, which resulted in a less satisfactory,
though well-balanced uniform distribution of air in front of
thermal precipitator II (500 + cm./sec.). In both the
Ssections, the maximum velocity occurred at the axis of the
tunnel and with this arrangement therefore, it was now
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possible to produce better velocity distribution in the
tunnel simulating standard turbulent flow of fluid in pipes.
Velocities of about 500 cms./sec,, at which the effects of
the baffles were found, corresponded to Reynolda Number of
the order of 1.6 x 10°. The Prandtl velocity distribution
10w (82) |

Uz = 1,24 ¥ (?i’g—"-)n

was found to apply. For velocity measurements for turbulent
flow around Re = 1.6 x 105 (mean velocity .. 500 cms./sec.),

a value of 1/6.18 was obtained for n.

. r= 1/6018
vz = 1,247 (3)

This is consistent with Prandtl's values' of n.
1.0 n = /7 for R, = 10° and n?/10 at R = 107

The ratio of mean velocity to the velocity at the centre
‘was also caloulated and found to vary between 0,82 and 0,93,
The average ratio %—:ﬁ—:%;‘; was 0,88, for Reynolds Number
of the turbulent airflow around 1.6 x 10°.

6 The effect obstruction of outlet
the static pressure and air-velocity: If the viscous oil

filter at the outlet end of the tummel was kept in service
for a long period, it soon became choked with the dust,
which it was filtering from the air. The result was that
the filter which had passed down the tumnel, exerted a
continually inereasing back pressure and reduced the air
velocity in the tunnel corresponding to a given setting of
the damper. E.g. At one time, with the filter connected
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and the danppr adjusted to its maximum ‘open ' position

a maximum velocity of only 750 cm./sec. was recorded.
With the filter disconnected, a velocity of 1250 cm./sec.
was obtained., In view of the difference, it was decided
to investigate the effect of thie obstruction of tunnel
outlet on the air velocity, since it would also enabdble
periodic assessment of the condition of the filter to be
made,

The viscous oil filter was disconnected and arrange-
ments were made, at least 6D in front of the tumnel outlet,
to measure the static pressure by means of an inclined
water manometer,l and also to make a four-diameter-traverse
with the Pitot~tube at a section near thermal Precipitator II.
For different settings of the damper from 'fully open’ to
'fully‘ closed', obstruction of the tumel-outlet was effected
by means of a large sheet of board. The board was arranged
to obstruct in turn one-sixth, one-third, one-half, two-
thirde, five-sixths and finally the entire cross-sectional
area of the turmel. A pitot-tube traverse was carried out
at each setting of the board and damper to determine the
mean velocity of air in the turmel. The static pressure
difference was simultaneously read om the inclined manometer.
The effect of the percentage obstruction of cross—sectional
area of turndoutlet on the static pressure and mean air
velocity are shown for each damper setting in Pigs. 3.6 and
3.7



FIG.3.6CHANGE OF STATIC PRESSURE DIFFERENCE
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F1G.3.7 THE CHANGE OF VELOCITY WITH BACK-PRESSURE

in ¢ém.]/ sec.

Mean air velocity

Position of fan damper
—--—— Full open
1200 4 '
: —o—o— Half open
' ——&—  One-third open
10504 . —o—o— One-sixth open
1900
~ 750 -
1600-
450+ ‘
3004
300 . + ‘ ' + :
-og o 4.9 20 3.Q 4.0 5-0

Static pressure in itmss of water




5.

. It could be seen from Fig.3.6 that any obstruction
to the extent of about 20% of the cross-sectionsl area of
tumel-outlet did not cause any significant change in the
mean velocity of air flowing through it, and also that with
the damper fully closed (normal mesan velocity about 60 ocm./
sec.), obstruction as much as 80% did not ﬁroduoe appreciable
change: in veloc':l.'l:y-°

Prom Pig: 3.7, 1% 18 clear that the rate of change of

velocity with increasing o’natruction of outlet is proportional
to the opening of the fan-~damper, :l. e, the greater the intake
of air the greater is the reduction of_ air velocity by a given
“obstruction. The results showed that for air velocities from
about 700 to 1200 cm./sec. there was a e‘l:'a'f:l.c“preeem'e
increase of about 0.8 cm. head of water for every 10% area
obstruction at the outlet. |

These results 'were found to be most useful in
‘maintaining the tunnel system in order, since 1t made 1t
possible to check from time to time the obetruct:lon being
produoed by the filter.

3.2, Distribution of dust comcentration .

3,2.1 Introduction: Having obtained an even veloocity
distribution in the tunnel, it was now necessary to assess the
uniformity of dust-concentration within.it. 'Thin regquired dust
samples to be withdrawn af various points. It was important
that the method of dust sampling should not cause a large
disturbance to the air-flow velocity distribution and the
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aamples collected should be representative of all the
dust passing through the tunnel,
3.2,2 _Grevimetric Semplings The gravimetric dust

sampler assembly used for the experiments is shown in
Fig. 3;8; A vacuum pump was employed to draw the dust-laden
alr into the sampling nozzle, iso-~kinetic sampling being
maintained by the use of a calibrated flow meter., The
dust~laden air passed through a "soluble” filter-bed,
consisting of bure salicylic acid crystals, which retained
the dust particles; Salicylic acid was selected as the
filter medium, due to the fact that its heedle—sﬁaped
crystals could be packed into a bed which removed satis—
factorily dust particles down to aub-—micron‘sizea° It was
also impoftant t0 use a shaxp-edge sampling nozzie and a
"slow" smooth bend to cause change of direction 6£ the
dust-laden air. .

The salicylic acid crystals for use in samplipg
filﬁersﬂygre prepared by making a saturated solution of
Baliq&lic acid in boiling water., The liquid wga,filtered
hot énd allowed to cool to about 50°C., the aubernatant
liquor was then poured off and the crystals retained, If
aliowed to cool much below 50°C, the crystals have been
found to be too large for useo(ea) .

With the fan set for an air velocity of 100 cm,/heoa,
and the dust-injector set to eject into the centre of the
duct, the tmmel £311ing the middle groove of the dust-plate I,
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and allowing a few minutes for conditions to become steady,
the dust was sampled at five sections.

The sampling sections were :-

(1) Just in front of the half-area mixing baffle;
(11) Just in fromt of Thermal Precipitator I
(111) 1 metre beyond the epray nogsleg

(iv) 3 metres beyond the spray nozeles

(v) Just in fromt of Thermal Precipitator II.

At each of these seotions, simultaneous sampling of
dust was carried out for an hour at each of the oorrolpbnding
five positions at each section, viz. at the centre, 7.62 oms,
either way and 15,24 oms, either wsy from the centre
(dividing the horisontal dismeter into eix equal parts). The
filter ian weighed before and after the experiment,

The results are shown in Table 3.2 and are
represented graphically in Pig. 3.9. :

IABIE 3.2

Se;t:l.on s‘“ﬁlﬁ 3.::1011 Dust Ooncentration mgm/cu.m.
0o w Distance of sampl int from
stance Be tudel wali.

T/eD [1/50 |1/20 2/5D | 5/6D

1. |Just before D/ 5 |116.2 | 154.0 |153.0 |122.81131.6
2 JJust before !0201 62.9 62.5 6902 5808 6100

5 |1 m beyond spray] 49,8 | 55.5 | 64.6 | 53.1 49.2

) Bo m

4 3 ngg sp . 48.5 | 55.4 | 61.6 | 49.5 | 48,9
5 Just before Topg4 45.5 50.8 | 58.9 | 44.4| 44.8




" mgm.Jcu.m.

Dust concentration

F1G.3.9. DUST DISTRIBUTION IN THE TUNNEL
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The results showed relatively uniform concentration
of dust across the tunnel-sections deyond.the daffle plates,
-although there was some deorease in the concentration of
dust, as it passed along the tumal towards the outlet end.
The dust-distribution pattern in the tunmel after the baffle
. Plate was in keeping with the velooity distribution pattern,
since in all the sections beyond the baffle plates, the
mxinmm concentration of dust appeara to be at the axis of
the tmelo

_The large dminution in duet concentration between
section 1 and section 2, 1.e, in crooaing the baffles, could
be attributed to the impaction of large dust particles on
the baffle and their subsequent fall-out. On average the
Tesults of able 2 show that the extent of the removal of
dust by these baffles was sbout 52% of the material
injected. The particle sisze of the material removed at
this point was found to lfe between 15i and 53;. This was
consistent with results on the efficiency of impaction on
discs, shown by Smw(sg).

cox.m‘ider:l.ng only dust concentration changes beyond
the ba'rfle. plates (Sections 2 - 5) it can be seen that the
duat concentration decreased by about 14 mg/cu.m. as the
dust clowd travelled from Section 2 to Seotion 5 along the
tunnel. This rate of decay of concentration of air-borne
dust with distance along the tunnel is shown in Fig. 3.10 -
and the fall-out amounts on an average to about 3.2 per cent
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of the original dust comcentration per metre length of

travel along the tumnel.

At any one nqtion, the distribution of dust con-
centration across the tummel at the turbulent veloocity
of 100 cm./sec. 1s found to be uniform, with a standard
deviation of about 5, as shou_m in Table 3.3,

ZABLE 3.3
Fall-out of dust along Tunnel

Section | Mean dust Standard Deviation | Percentage
No. concn.mg/cu.m. | of dust conog. removal of dust
(oumlative)

2 62 09 30 48 -

5 54.4 5.57 13.5

4 52.8 5,06 16.05

5 48 o 9 5 -} 51 22 025
‘322,35 Mechanisps of dust fall-out: There are at

least six transport mechanisms which could account for the
removal of air-bornme dust as it flows in air suspension along

the tumel.

These are :-

1o A thermal gradient force produced by friction at the
tumnel wall. This can be neglected here as Pmlu(go)
bas shown that such deposition in turbulent flow at
100 cm./sec. is less then a factor of 10”2 of the
total deposition.
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-+ Deposition due to eleotrical charges on the dust

 particles. This aiso ocan be neglected since Dawes
and Sla.ck(gl) have shown that such electrioal forces
need only be considered when the particles have

already been brought to within a few particle
digmeters of the wall by some more widespread mechanism.
Deposition by the action of gravity in a turbulent

'airatre_am. Any particle travelling along the centre

of the tummel is lisble to be deposited by the gravity
force in turbulent stream within the length of the
tunnel and this must be one of tho major deposition
processes, accounting for the diminution in dust

concentration along the tumnel.

Deposition by eddy impaction. If a laminar sublayer

is postulated next to the wall, only pai'tioles greater
than 35 miorens in diameter are found to be deposited

by eddy impaotion at an airstream velocity of 100 cm/sec.
Since the partioles in the experim'nto. were up to

53 micron in dismfor, it is suggeéted that this mechanism
may have accounted for a cmidorablo proportion of

dust dopolition along the tml.

Brownian deposition., This may be diaregardod. since

it 18 known to be not more then 1/1000%2 of the total
deposition for particles above 1 microm.

Turbuleat Diffusion. This is probably the main
transport mechanism causing the deposition of dust,

The theory of dust deposition by eddy impaction on the
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basis of a conventional laminar sublayer fails to
explain fully the fall-out mechanism, since turbulent
motion of &ust particles within this laminar sublayer
has been observed by Fage and Towmmd(g2 ) within O.5p
from the wall, Hence it is possible that the tramsport
of dust particles across the laminar sublayer (which is
of the order of 1 mm. thickness in the case of air at a
‘mean air speed of 100 cm./sec.) to the wall takes
pPlace by turbulent diffusion.

On average, the dust deposition rate beyond the
baffle plates was of the order of 1 mgm/mm. of air/metre
length of tunnel, viz. 3.2% fall out/metre length of
tunnel., | ‘

2, hermal ecipitat S ]

Simul taneous air-borne dust samples were drawn into the
two thermal precipitators set in the tunnel. This
experiment was carried out at three air velocities with
the dust machine adjusted to give a suitable dust
concent:ben:iono The number concentrafion of dust particles
was eveluated on the automatic perticle counter described

lafer, and the results shown in Table 3.4.



ZABLE 3.4
Simultaneous dust concentration at two points in tunnel

as determined by Thermal Precipitator.

58,

Air Velocity | Dust comc,| Dust conc.|Difference in| Removal
cm./8ec, at T.,P.,1, | at T.P.2. |dust eonc, of dust
PoPoCoCo | PoPsColo PoPoCoCo %
75 1447 1420 27 1.87
200 1030 1020 10 0.97
450 640 628 12 1.87

It is apparent that the mumber concentration of dust
particles as sampled by T.P. has not decreased to any great
extent, unlike the weight concentration as measured by the
filter. This suggests that material which has fallen-:out |
of the air stream constitutes a relatively small number of
large (and heavy) particles, and agrees with the postulated
mechanism of gravity settling for this dust removal. There
is also the point ‘that the T.P. has a very low efficiency
for dust particles outside the range 0 - 20y, and that,
although there is settlement of large dust particles down
the length of the tumnel, from the point of view of the
T.P, which only collects particles in the sise range that
concerns us, there is no significant change in duat con-
centration between the T.P. points. Since the same T.P's
were used in the dust suppression work described later,
changes in dust concentration recorded@ by them refer only
to changes in the sige range which they sample,
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A recantly developed automatic method of microscopic
8ise analysis based on mechanical scamning together with
photoelectric detection and high-speed-pulse counting, was
adopted the measure the particle sizes and to count the
mmber of dust particles in the sa.nples taken by thermel
'precipitatorq

v1qua1 counting of particles has always been a slow
and tadioﬁs process in which the observer has contimmlly
to make judgments about individual particles, correct for
foous, allow for edge effects and variations in opacity, and
systematically evaluate the population; remembering each
particle as it is oounted. Even when the operator has
been trained for visual counting, and the sise and shape
of particles are comparatively unifom, subjootin errors
are involved,(93) |

. In visual counting, moreover, measurements are
carried cut on a series of randomly selected fields, taken
to be representative of the whole sample. -

In the automatic counting method, ‘tho principle is
to use as the sole parameter, variation in light intensity
falling on a photocell, in such a way that the discrimina-
tions about particle sises can be made without ambiguity.
In this way the potentially high counting rate of an
electronic system can be exploited.
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Various methods of automatic size analysis are knm(ust?'”)
and the work of Hawksley et.al.:95) has resulted in the
commercial manufacture of an "Automatic Particle Counter
end Sizer" by Casella (Electromics) Itd., London,(97)

The Casella machine utilises the technique of wide
track scamning, which is said to have the following advantages:-

(1) No oritical timing circuits are rqqtiired to_measure

"intercept lengthp‘f . The particle produco‘-'. a voltage

pulse, whose measured amplitude is proportional to the

amount entering the scanning slit.
(41)The instrument can be et to suit the optical
characteristics of the material to be analysed.

In this sising technique the mmber, length and height
of pulses from intercepted particles are found and the mumber
of partiocles per -‘tmit area and their sige distributions are
obteined therefrom, o |

The eignificarice of particle interception by a track
is shown in Pig. 4.1, where it may be observed that there
are three types of intercepts:

(a) particles;, of size x less than the track width w amd
projection h equal to x, lying wholly within the track;
(v) Micleb, of any sigze x and projection h, falling
partially within the track;
" (e) particles, of projected sise x greater than w and
| Projeotion h equal to w, lying wholly across the track.
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Suppose that an illuminated field of well-separated
circular particles, of comstant optiocal density, is scanned
by a slit-shaped aperture of length w and negligible breadth.
A photo-cell behind the aperture is set to record changes in
light flux as the slit intercepts particles in the scanning
track. The peak heights of the pulses are then proportional
to the projections h, while their durations are proportiomal
to the intercept lengths y. The total number of pulses is
equal to the total number of particles intercepted. If the
pulses are fed to a pulse amplitude discriminator that records
only those pulses exceeding some preset height, the recorded
number of pulses is equal to the mumber of projections h
exceeding a value h = 8, corresponding to the setting of the
amplitude diseriminator.

_ " In counting, the mmber N of particles per unit aree is
to be found from observation of the number ¢ of pulses per
unit length of scan. The mmber of intercepts ¢ (w), obtained
by scanning a 1eﬁgth L of the specimen with a slit of width w
and of sensitivity £ is given by |

¢(') = N ("2.+I)L 00o0ese (1)

where ¥ is the number of particles oversize s and T is the
mean size oversize 5. By sensitivity £, is meant that a
partiole must enter a slit by an amount L > 5 to be
Tecovered (see Pig. 4.1).



FIG.4L.INTERCEPTION OF PARTICLES BY A TRACK SCAN |
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w, track width ; x,projected size of particle; y,intercept
length; h,projection of particle within track; 1,particles
(x<w)wholly intercepted; 2,particles intercepted by one

edge; 3,particles (x>w) intercepted by both edges.

EIGA-Z.GRAPHIC REPRESENTATION OF RESULTS
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The number N of particles per unit area is obtained
by scanning the specimen rtwice with two slits of different
widths w, keeping s constant. The equation becomes,

- G (w2) - $(w1)

('2 -'1) I cooe (2)

. A straigl;t line graph with slope equal to NxI, is
obtained, ¢(yr) 48 plotted against w for.a constant
value of s, The graphs are shown in Pig. 4.2,

In the instrument, intercepts greater than s are not
direqtly .mcord‘é.d, but instead pulses proportional to
fracticns of w per unit length of scan. The maximm pulse
" oocurs when the elit w 1e completely obscured. An amplitude
discriminator, vhioh can be set at any desired fraction p,
18 used to select the pulse heights, Where ¢ (w) is a count
of a.u pulses greater than the fraction p which has been set,
PXWas., Therefore equation (1) ‘can be written as

¢(') = N [ '(1 -2 p) + I) Ll eoeo (3)
The sise distribution of particles in respect to their
Projected sizes is f(x), so that

Permar=1 e (B
/ £

the liwits a and b are the smallest and largest particles
respectively. The sum of all the particles between the
limits & < x ¢ b 48 XN per unit of area.
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The procedure is to obtain a mumber of = lines,
each such that gl ¢ 22 < 83 ... ¢ zN. The classification
into n size grades requires n s-lines, as shown in Fg.4:2,

8¢ ‘ $1 £ _the

~ The 5~channel Automatic Particle Counter is shown in
Plate III along with the schematic diagranm of the instrument
:ln Pig. 4.3. mhe conaole uwnit can be considersd to be
comprised of 5 blocke- (1) Teft Bottom blook, having the
~ main power supplies for the amplifier and u.mpnt:udo
discriminators. (2) Teft top blook, having in the bottom
ranel the main amplifier and Amplitude Discriminator control
unit, tuning indicator and Amplitude Discriminator Disl No.l
and in the other two panels, four other amplitule discrimine-
tors and the:li-' tuning indicators. (3) Top right block
consists of five dekatron registers for their correspomding
'Anplitude discriminators situated in the top Jeft dloock.
(4) Bottom right block has a writing table and also houses
the supply unit for the mioroscope lamp, and (5) Central block,
which is the microscope and stage unit and stage control unit.

The filament lamp type of 1llumination gives a high

light intensity when using Kohler's system of illumination
and also uniform 1llumination over the field of the object.
The 1ight intensity is such that good signal to noise
Telationship is obtained for slit sizes below & micron in
width, D
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FI1G. 4.3, SCHEMATIC LAYOUT OF AUTOMATIC PARTICLE COUNTER
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A8 a f:lrsf step, a programme data sheet is drawn
up, by selecting size levels (z), track widths (w) and
disoriminator dial settings (p) over the sise distribution
in question. A specimen programme sheet for counting and
sizing of particles in the size range 0.5 - 4,0 4 is shown
in Table 4.1,

If the size levels (z) olioaon stand in no particular
relationship to each other and if the same is true of the
discriminator settings, then it is clear that a different
setti_hg of the track is necessary to;' each £, P combination.
The effioiency of operation can therefors he inoreased, by
achieving a minimum number of slit resettings, combined with
a fixed series of discriminator dial eettings. This is done
by choosing a series of size levels (z) standing in a
geometric progression and discriminator dial settings (p)
also standing in the same progression. Thus the track width
necessary for each s stande in the sample progression. In
the example given, it can be seen that, about 32 different
dekatron readings pertaining to sise levels 0.5, 1.0, l.4,
2,0, 2.8, 4,0 and 5.7 microns can be obtained, with only
10 aifferent s1it settings and therefore the time consumed

in scanning is highly reduced.
Operation:- The machine is switched on and allowed

to warm up for a few minutes. Then the lamp is switched on
and the current for Koher's system of illumination adjusted



TABLE 4.1

V2 Programme sheet for 5 channel-unit APC

Objective..2 mm.0il immersions Ocular x 6; Mag. x 540
W B ] 0 [m | e [m [ | ] mene
w=g /p 10“‘%1(66 q)(w)
0.8 0,625 | 9,663 687
0.5656 | 0,884 | 9,523 1200 |
0.5 -] 0.4 1,250 | 9.325 1990 |
‘ 0,2828 1,768 | 9.046 2995
0.2 | 2,500 [ 8,650 4475
0.8 1.250 | 9.325 498
0.5656 1.768 | 9.046 949
1.0 0.4 2,500 | 8,650 1667
0,2828 3,536 | 8,091 2701
0.2 | 5,000 | 7.300 4180
0.8 2,500 | 8,650 414
0.5656 | 3.536 | 8,001 1140
2.0 0.4 5000 | 7.300 | 2162
0,2828 7.070 | 6,183 3534
0.2 10.000 | 4,600 | 5545
0,8 3,536 | 8,091 387
0.5656 5,000 | 7.300 790
2.83 0.4 7.070 | 6.183 | 1304
0.2828 10,000 | 4,600 2085
0.2 [14.140 | 2,365 3162
0.8 | 5,000 | 7.300 250
0,5656 | | 7,070 | 6,183 437
4.0 004 0,000 | 4,600 740
0.2828 14,140 | 2,365 1105

Slide Reference:- ¥P2A
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to 7.8 amperes. The slide is now mounted on the
reciprocating stage, which allows the scamming slit to
be located on the optical axis of the microscope. The
slide is fixed in position by means of two slips, and the
dust-particles in the slide are brought to foous on a
small screen, just in front of the gate anmd the slit,
with the help of the microscope, utilising a 2 mm. oil
immersion objective. The slit width and length can be
set to the desired value by operating the two micrometers
which are fixed in the system, The pulse meter in the
top left block is adjusted to read O with olear filter
and 100 with opaque filter, by the use of "Set min."
and "Set max." controls located adjacent to it. Keeping
the meter reading sero, and using clear filter No.l, the
optical density of a few particles in the slide-sample is
determined by bringing each of them in turn before the
slit to produce a pulse on the meter and the amplitude
discrimination unit is corrected for the average optical
density of the sample by adjusting the "set" controls.

When the stage motor is switched on, the stage
travels away from the omut&, reverses automatically
after 20 scans, taskes a track differing by 50 microns from
the original to come forward to the starting position
after 20 scans. The length of scarming 1s 10 mm. The
8lit is instantaneously obscured by particles and 1f they
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produce a pulse grester than the discriminator set value,
it is recorded on the dekatron wnit. The procedure is
repeated for different slit settings. _

‘The overall magnification M of the optical system is
always measured using a stage miorometer.

ummmwm Inmicroaoomrth-

visual observer repeatedly adjusts the toouo of his nmioro-
8scope to kup the partiole field 1n sharp focua, a prooudm
'whioh cannot be carried out dur:lng automatioc aoanning
Therefore it is very important that all the partic:l,ps over
the dust strip are uniformly in good foocus, to obtain a
correct count. That means that the cover glass, on which
the dust strip is deposited in thermal preoipitators, must
be laid exactly parallel to ‘the micro-elide, which is mounted
on the reéiprbcating stage. A method of ‘oln'lm‘ing this has
now been developed(7®) and was used in a11 work reported
here. Green's tissue papers are cut to 2.5 am. square with
1.6 om. diameter cmlo in the centre. A thin strip of the
Peper is laid flat on the mioroslide, using & dilute glue
solution. Whon it is dry, the dusty oover-slip is glued on
to the tissue paper, mak:lng sure that the dust atrip is at
‘Whe centre of the circle. This paper insert effectively
holds the glass surface parallel.

-In order to evaluate the dust on the thermal
Precipitator slides, various sise-distribution programmes
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and different arrangements of objective and ocular were
‘tried, It was finally decided to utilise & magnification

of 540, produced by & 2 m.m. oil immersion objective and a

x6 ooular, together with ay/Z programe in the range 0.5 to
5,67 microns. To prevent the 011(99), used for immersion of
the objective, penetrating through the tissus paper into the
dust strip, cellulose lacquer m applied to the circumference

of the cover-slip to seal the edge.

A dust-strip obtained from thermal precipitator II with
the dust-machine and the air velocity adjusted to give a dust-
| ooncentration of about 1000 p.p.c¢.c. in the t\mnni, is used

in the illustration which follows. The size dj.atr:l.bution is
evaluated in the gize ranges 0.5 - 1.04; 1 - 2u, 2 - 2.83n
and 2.83u ~ 4p.
Prom the recordings of deha.trona, grapha ot' w against
¢(') are plotted, for the /Z programme of Table 4.1 as shown
in Pig. 4.4 and the eize distribution shown in Table 4.2,

No, of particles per unit ares of dust strip on cover glass

above 0.5 micronl - Qw2) ~G(m)
~ , (wp = '1)01':

'hu‘o L 1a the total length scanned (800 mm. )
Subetituting, the no., of particles per unit ms

= 44 x 1000 x 1000 = 2,500
11 "2 oo

P
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fhe photomultiplier counts particles only within 10 x 2
- 20 8q.m.nm. area on the dust-strip of the cover glass,

i  Potal No. of particles above 0.54 = 2.500 z 20 = 50,000

o o
nom, dust concentration in particles /ou.cm. of air

Ho. of particles
Yol. of air mlod

- zgkgm = 2112 PoPeCsOCo

‘Nhe pise-distribution of partioioi"'ia given in Table 4.2.

TABIE 4.2
8ise-Distribution of pust
s 30.51 DPl.op | >2.08 »2.80 | >4.08
Gradient 2500 1180 857 341 123
Partiale | 335 | s24 | 3@ | 252 55

Size range | 0.5-1.0p 1-2p | 2-2.8p | 2.8-4p >ap

Particle | ggg | a3 | 229 | 97 | B
Junber 8.7 | 495

MW 52 98 1208.' 2006
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Several r'opreaentatin samples of the dunt' were with-
drawn iso-kinetically, through salicylic aqid filter, from
the air at different sections of the tunnel, mixed, and &
representative sample prepared for counting under the
automatic particle counter, as desoribed in Chapter 5. An
average sime frequency ropi';saentativo of the experimental

coal~dust, is given in Tadle 4.3.

Size | _
Range 0,5-1.0p 1.0-2.51 t2»5 5.0p 5u | Total
P‘m.ntag. 42096 31045 9.40 16915 100.0

&nd the cumulative Sise Frequency is ehown in Fig. 5.1.

feot ity on dust-coun

To investigate the effect of change of opacity on the
dust-count, several dust strips with dust concentrations of
about 1000, isoo, 2000, 2500 and 3000 partioles per cu.cm.
of air were prepared and counted at different particle
counter "filter numbers®, i.e. for different values of

opacity,
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If the dust-strip was exaotly parallel to the stage,
-all the. particles over the dust strip would de in sharp
focus and the aéloctim of opacity value could be easily
and. oorrectly made. On the other hand, if all the particlee
could not be brought to sharp focus at the one setting, the
smaller particles were preferentially brought to foous,
since the correct counting of smaller particles mattered
more. In such cases, the opacity of the material might
well vary over a range, waich could make necessary the
randon nlootiog of one of three filters.

In the npo;:imon chosen, the opacity of the material
48 measured ranged from 72 to 84% and therefore necessitated
the use of one of the filters numbered 6, 7, or 8.

The effect of variation in opacity from 65% to 100%
was studied for different dust-strips and the results for
ene cover glass are shown in Fig. 4.5, It is apparent that
© e error introduced in counting by altering the filter
Rumber by one either way from the oorrect ome, i.e. No.7,
1s not significant. In this case, thie average error is only
8bout 30 p.p.o.o. for a concentration of about 1100 PsPsC.Co
The dust counts, howdver. diverge from the truth more
Tepidly; if the error in percentage opacity exceeds + 6%
1.¢. by more than ome filter mmber either way from the
correct opacity. Thie is well illustrated in Pig. 4.5. It



FIG.A5 THE EFFECT OF OPACITY ON DUST-COUNT
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is therefore obvious that care should be taken in
selection of the proper filter to suit the opacity of
the material counted,

Pour factors could be envisaged, whioh might
contribute to significantly erromesous dust-counts mede
by the Autou;atic Particle counter:

(a) The dust-strip not being exaotly parallel to the
stage, (b) errors due to the changing of amplitude
diseriminator settings, (¢) errors in the placing of
‘the slide under the microscope and (d) errors due to the
change in opacity. |

Since the dust-strip is set parallel to the stage

and the amplitude discriminators are set at the same
values each time, factors (a) and (b) do not normally
arise.

To study the interaction of factors (c) and (d) and
their effect on dust-counts, a specimen slide was counted
at three different opacities (one normal and one on either
side of it). The plaoing of the slide was then disturbed,
Placed again in position and again counted. This was
Tepeated at four more placings and the results obtained
shown in Table 4.4.
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ZARIE 4.4
Dust Counts PoPo0e0o

D e ————

Mlter|Pe

No. |opapity Total

8 [84(a) |[1087|1082f1097 [1112]2262[2017] 6887

7 | 78 (o) |1112{11101123 1152|1254 (1038 6769

6 72 (0;) | 1097|1067 [1105 1123 11801021 6613

TO“I_ e00 1999,9

Yariance Caloulations
To caloulate the variance botwcen opacities and
~within samples: | '
(1) Total eum of squares (crude)
= 10872 + 11122 + 1097%.040 + 20222

= 22,135,829
(41) Orude sum of squares between opacities

- (§5§122 + ]6?222 + 16§1§12
= 152,545,379 ‘= 22,090,896

(111) Correotion due to mean = Qggnf_ = 22,086,673
(iv) !oﬁi sum of squares = (i) - (111) = 48,956

(¥) . Bum of squares between opacities = (11)-(111) = 4023.
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ZABLE 4.5
Analysis of Variance Table
Source of variance Degrees of | Sum of Varianne
Freedom Squares
Between opacities 2 4023 2012
Within samples 15 44,933 2996
Total 17 48,956 -

Since the variance of the "between opacities" is
less than the variance of the "within samples” the opaoity
change is insignificant. Hence all the data can be regarded
as random samples from a universe with mean and standard
deviation estimated respectively by

12,939 . 1108 ama BT /705 = 1 531,

It would appear therefore that the error introduced in
counting is + 0.5%.
4.9 Conclusion

The Automatic Particle Counter is thus found to offer

many advantages over visual counting:

(a) It covers all the particles on the thermal

| precipitator-dust-strip and so it is more reliable
and more representative of the duat-éonéentration at

- the sampling point.
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(o)
(a)

T4,

Human error involved in counting is insignificant.
Even with the change of opacity amounting to + 6%

of the correct one, the error introduced in counting
is found to be the order of + 0.5%.

Counting is done more quickly, and

Heavier concentrations of the order of 4000 p.p.c.c.
do not present any problems. (2,0 - 6.5 x 104 particle
density).



| In British mining practice, the standard procedure for
assessing t he concentration of air-borne dust at any point
involves dust sampling by thermal precipitator and expression
‘of the dust concentration as a mumber of particles per c.o. of

air. The efficienoy of the thermal precipitator is claimed to
be 100% for particles below 10 p in diameter and somewhat less
for particles above that sise, Hence it was rélt that an
independent gravimetric sampling filter should be employed to
sample the dust and the dust concentration by weight in the
usual size ranges should ﬁo compared with that of the thermal
Precipitator dust strip for the ssme experimental conditicns.
‘This assessment by weight, caloulated on the basis of the
dmity of the dust particles, would also give a correlation
factor, which might take into acoount the eccentricity of the
particles in the thermal precipitator dust strip. The method

of gravimetric sampling employed for these experiments was
discussed in more detail in Chapter 3.

Ol 1N\ ATAVINStIriC SAmpiing.
To obtain § representative sample on the bed of
®salicylic aoid orystals, it was essential to maintain iso-
kinetic sampling of the dust-laden air-stream, by the use of
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a calibrated flow-meter. WVith dusty air flowing down the
tunnel at an average veiocity of 100 cm./sec., sampling of
dust was carried out simultanedusly'ovér a period of one
hour on the axis of the tunnel at two éactions - viz, at
1 metre beyond the spray nozzle and at 3 metres beyond the
spray nozzle. At the first section, the sampling nozzle
was placed facing downstream and at the second section, it
was placed facing upstream and the dust concentration was
determined from the collected samples. A second test was
carried out under identical conditions, with the sampling
nozzle placed perpendicular to the air-flow, at 2 ﬁetrea
beyond fhe spray nozzle. The dust concentrations, calculated

on the basis of amount of dust sampled, are shown in

Table 5.1,
TABLE 5.1
The effect of direction of sampling nozzle on dust
collection.
Position of sampling B Concentration of
nozezle dust. mg./cu.m.
Facing upstream 7 68.0
ferpendicular to the airflow 61.8
Pacing downstream 34.4
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From the figures in Table 5.1, it would appear that
to collect the maximum sample and thus perhaps the most
representative sample, the sampling nozgle should be facing
upstream. It i1s thus enabled to collect all the dust that
might be flowing into it iso-kinetically. The nosgzle
placed perpendicular to the air-flow is fairly successful
in drawing the dust into the filter; only about 9% by
weight of the particles miss the opening of thé sampling tube,
. The nozzle facing downstream has a very low sampling effic-

“iency, only collecting 50% of the dust drawn into the tube,
when fecing upstream. _

In the remainder of the tests, therefore, the sampling
nozzle was always placed- pointing upstream on the axis of
the tumnal, Three runs, each lasting for an hour, were
carried out, during which gravimetric and thermal precipi-
tator sampling were simultaneously carried out. The
salicylic acid filter was weighed carefully before and
after the experiments and the increase in weight waas teken
to be equivalent to the dust sampled.

5.3 Recovegx of sampled dust from the gravimetric filter

" After a dust sample had been collected, the salicylic
acid filter bed (see Fig. 2.8) was removed from the container
and placed in a small beaker. The crystals were dissolved
in ethanol and the suspension of dust particles centrifuged
in an electrical centrifuge at 4,800 r.p.m. for 17 mimutes.
This interval was calculated from Svedberg's modified



78.

Stokes' equation(199) to be suitable for the sedimentation
of & 0.4 micron dust particle in the centrifuge tube.
After centrifuging, the supernatant liquid was decanted,
the tube again filled with ethanol and centrifuged a
second time. The process of centrifuging, decanting and
adding more ethanol was repeated six times in all, to make
sure that éll particles bigger than 0.4 ¢ had been retained
in the centrifuge tubes. The colleotdd dust was finally
suspended in a small volums of ethanol, the 11quid washed
into a emall basin and evaporated to dryness in an oven.
re £ £ e for o under A.P.C

A fresh suspension of the dust particles was made in
ethanol and a few representative drops of it were transferred
to a microscope iude by means of a pipette, Pour slides
were made with ome, two, three and four drops on them(101),
The solution was allowed to evaeporate for some hours and
when dry, the slides were mounted in the usual manner and
the partiocles sized by means of the Automatic Particle
Counter.

The counts at various sections of the four slides
Proved a nearly uniform distribution of the particles on the
8lides and the number percentage sise frequency of the dust
sampled by the gravimetric filter is given in Table 5.2.
Prom the size frequency data and the total weight of dust
Collected, the proportionate weight of the particles in
the size ranges was calculated, assuming that the particles
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were spherical, that the density of the coal was
1,279 g./c.c. and taking a mean sigze for each size range
and a maximum of 10 u for the range > 5 u (Table 5.3).

Size Ruge OoS-IoOl.l 1.0-2 05“ 205"500“ )5” Total
Selicylioc acid 42,96 31.48 9,40 (16.1%5 | 100.00
filter Dust

sample

TsP. Dust 61.12 26.62 T-45% 4.81 | 100.00
sample

For the same experimental conditions, the T.P, ali@o
was counted and eised under the Automatic Partiole Counter.
The averag§ nunber percentage sige frequency of the thermal
precipitator dust sample is also shown in Table 5.2, and
again knowing the total number of particles in each sise
range and their density, the weight of dust in each sise
range was calculated within the same limits. The resulting
welight distribution is shown in Table 5.4.

Ths cumulative number sise distridbutions corresponding
to Table 5.2 are given in Pig. S5.l.
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Dust concentration by weight (experimental) and
proportional weights in various size ranges (caloulated).

Size Range|Number % Dust concentrations mg./cu.m.
m Size "% fun 1 | Run 2| Bun 3| Wean
Frequenoc
Total 100 100.0} 62.3 61.7 53.9 59,3
0.5-1.0p |[42.96 0024 [ 0.1498 0.1481 | 01292 | 0.1422)
1.0=-2.5u 31.48 1.9%11.202 | 1.19 1.04 1,144
2°5‘5°°ﬂ 9.40 7.18 | 4,47 4.435 3.87 4.255
<50u 85,85 9.35 | 5.84 5.78 5.05 5.56
>5.0p 16.1% 90,65 | 56.46 | 55.92 | 48.85 |53.74




Calculated woiéht concentration of dust in T.P, slide
based on the density of coal particles (1.279 g./c.0.)

Size Fumber % Dust concentrations mg./cu.m.
Range Sise Wt.%

Tl Frequency Run 1 {Run 2 {Run 3 Mean
Tota]- Popocn Ca t L d 8',6 1155 1315 1114

00 5‘100“ 61012 0079 0015,2 001856 Oa2818 002065
1.0-2,58| 26.62 4.35 |0.694 | 1.265 | 0,785 0.915
205‘5 30" 70‘5 12906 39262 30538 20098 20966

<5.0p 95,19 |17.20 [4.09 |4.965 |3.215 4.09

>5.0p 4,81 |[82.80 (18,25 |16.095|14.15 16,165

Total 100.00 |100.00[22.54 |21.08 |17.365 | 20.26
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factor 'k
| As can be seen from Table 5.2 and Fig, 5.1, the thermal

precipitator w_ould appear to be more effiocient in collecting
particles less than S5u in diameter. The mumber percentage of
dust > 5 u retained by the gravimetric filter is 16.15, while
the T.,P., had collected only 4.81% of similar dust under
identical experimental conditionms.

Table 5.5 is dmn up by correcting the weight perocentages
in the salicylic acid filter sample to a "hypothetical TP,
weight percentage, by multiplying each weight by the ratio of
the appropriate number percentage of the T.P. sample to that
of the gravimetric sample, Thus the weight concentration of
dust > 5 p is seen to be reduced from 53.74 mg./cu.m. in the
actual salicylic acid eample (Table 5.3) to 16,02 mg./cu.m.
in the "hypothetical T.P." sample. (Table 5.5), vis. in the
ratio 16.15 : 4.81 .

' This antioipated proportional woight concentration of
dust in the T.P, dust umplc, (Table 5.5), caloulated from
the ‘aliqnc - acid ~ filter dust sample on the basis of
the ratio of sise frequencies, compares well with the weight
of dust in the actual 7.P. slide, calculated on the basis of
the mmber of particles in each sise range and the density
of the dugf (Table 5.4). It can be seen that the proportional
Weight of dust ¢ 5 p in the ‘'hypothetical T.P.' slide, as
extrapolated from the weight concentration of actual

-_—
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gravimetric sample was 4.55 ng./cu.m., whereas the
calculated weight of dust in the actual T.P. slide was
4.09 mg./cu.m, The anticipated valus for the weight of
actual T.P, dust samples agreed quite well, even in the
range > 5 p, i.e. 16,02 mg.,/cu.m, as against the actual
16,165 mg./cu.m,
| The total weight of dust antioipated in the thermal
precipitator, whieh was based on the actual weight of dust
sampled in the gravimetric filter and the proportionate
aueémquencies, was 20,578 mg./ou.m,, while the caloculated
weight of duet from the actual T.P. slide was 20.26 mg./cu.m.
| The figures in Tables 5.4 and 5.5 suggest that there
18 not much ecoentriocity in the particles sampled by the
thermal precipitator, since the figures, calculated on their
assumption of spherical particles, agree very well with the
aunticipated weight. The correlation factor is worked out in
Table 5.5 to be 1.0214.

There thus appears to de a very good corrolafion
between the dust samples ocbtained from salicylic scid filter
and from the thermal precipitator and by the sbove method,
it 1s possidle to predict the results that will be given by
'one sempling method, through the use of another,
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6, _ NFASUR OF DROPIET SIZE IN HIGH PRESSURE SPRAYS.
6. t c . |
The_purpoee,of_apraying in dust-suppression systems is
to disintegrate a continuous jet of 1liquid into a multitude
of small droplets, so that the volume of air ewept by the
liquid is greatly increased. Generally, sprays drops
travelling at high velocity from'pressuré-atomiaera are
known to have a higher collection efficiency for dust
particles, than,wheanhlling at a lower speed under gravity.
A liquid can be atom:l..aed merely by discharging it into
the atmosphere under high pressure through a small orifice.
Suph a device is kn@wn aé a plain atomiser and has quite a
small cone angle subtended by the spray cone, since little
tangential velocity is imparted to the liquid. In the swirl
atomiser type, turbulence is created by forcing the liquid
through tangential slots or along helical grooves into a
small vortex chamber from which it is discharged into the
atmosphere. The spray produced in this way has a larger
cone angle and cona?quently a lower penetrating power. It
is usually hollow in the centre, but it may be ‘drowned’ or
converted into a solid - cone spray, by having a small hole
drilled throuéb the plug of the swirl - noszle. The following
work was done with such a 'solid - cone' spray nozgle,
Various workera(loe) have studied the mechanism which
determines droplet size in atomisation, in an attempt to
derive a relationship between spray performance and the
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variables of an injection system. The variables can be
considered in terms of : (a) the type of atomiser and the
nature of the flow at the orifice; (b) the physical
properties of the liquid atomised; and (c¢) the physical
properties of the atmosphere into which the liquid is
discharged.

The first group of variables include (i) the diameter
of the orifice, which controls the area of Jet surface for
& given volume of liquid, (ii) the spray cone-angle, which
is a measure of the ratio of the tangential and axial
eampohents of the jet‘velocity. and (iii) the discharge
velocity of the liquid. The second group of variables include
(a) the density, (b) viscosity, and (c) surface tension of the
liquid, and the third group, (a) the density and (b) the
viscosity of the gaseous medium into which the liquid is
discharged,

In the present work the degree of atomisation of water
caused by a "solid - cone" nozzle was determined in the
Pressure range 35.2 - 210.9 Kg./8q.cm. (500 -~ 3000 p.8.1.8.).
All the variables of the injection system except the discharge
velocity of the jet were kept constant and the effect of
injection pressure on droplet size and spray uniformity was
studied, ’
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652 _ The Spraying Unit

A three~throw reciprocating pump was used to obtain
high pressure atomisation. An air cushion cylinder was
installed in the delivery line of the pump to even out the
piston pulses and enable projection of spray into the
atmosphere at a constant discharge velocity. The injection
pressure was controlled by manipulating the speed of the
bump motor and a water by-pass valve, All the connections
were made in heavy gauge 3.2 mm. (1/8") I.D. copper tubing
and all joints were welded or braszed.

A detailed drawing of the ‘solid-cone spray' nozgle used
in the experiments is shown in Fig. 6.1. It was similar to
those used in damestic ewirl atomisers for spraying
insecticides. The nozzle consisted of two parts, a grooved
Plug screwing into the nozzle cup. Water was discharged
through the annular space between them, along the helioal
groove of the plug a.ndA out through the orifice drilled in the
outer cup. 1In the case of the solid cons spray, the liquid
was also discharged through & 0.5 mm. diameter hole, which
was drilled through the centre of the plug and this prevented
the formation of an air-core in the spray.

| The diameter of the cup, the depth and the width of the
helical groove were measured by means of a travelling microscope.
The characteristios of the noszle are shown in Teble 6.1 and
the throughput curve for the nozzle is shown in Pig. 6.2.



FIG.6-1. THE SOLID -CONE SPRAY NOZZLE
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FIG.6-2.THROUGHPUT CURVE FOR NOZZLE 1
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TADLE 6.1

Characteristics of 'solid-cone' spray nossle.
Diameter of the hole in the plug .. 0.5 mm.

Hozzle| Orifice |Oriflce/Orifice|ilow | Hean Oone
Ref. |Diameter|length/ diam. [KNumber | Coefficient | Angle
No. Do Nl of Discharge

m o cg!
i 00,0510 0.360 0.408 0,68 40°

The following difficulties are inherent in any attempt
to obtain a representative sample of airborne spray droplets
(a) The high aischarge velocity of the liquid yet. The

curve relating the injeotion pressure to the discharge

velocity of spray is shown in Fig, 6.3 and it can be
seen that the discharge velocity is of the order of

5,000 om./sec., even for an injection pressure of

- 35.2 Kg./8q.cm. (500 po8.1.g.).
(b) The 1arge range of sizes involved. The droplet sise
may vary from < 20 microms to > 200 microns,
(6) The changes in droplet sise with time and distance
travel due to droplet impact, rupture, and evaporation.

A number of so-called "direct” methods for the
determination of the size of spray droplets were investigated
at a spray pressure of 8.5 Kg./sq.cm.




The methods considered were i~

(1)  Immersion method

(11) Gravimetric method

(i11) Impression method using:

(a) Magnesium Oxide layer, and
(b) Carbon layer.

In all cases it was found necessary to restrict the
number of spray droplets falling on the target in order to
prevent overlapping and aggregation. This was ‘aoh:l.md by
restricting the time of spraying at the target by means of
a shield, incorporating a shutter capable of a speed of
0.005 seconds. The spray had a penstration of about 4 metres
and was therefore placed horisontally, while the targets were
pPlaced horisontally below the nozszle at suitable positions.
(1) Izmersion Method:

In this method as described by Hunter(63) tne samples
were collected in a shallow petri dish (about 5 om.dia,)
containing the immersion liquid. To prevent the droplets
falling to the bottom, flattening out and losing their
spherical shape, the bottom of the dish was coated with a
smooth layer of vaseline free from air bubbles.

Iight kerosene (density .. 0.79 gm./mls viscosity ..
1.32 centipoise) was chosen as the immersion liquid.

About 80 droplets were collected in each sample and
they were then measured using an opticel microscope with a
calibrated eyepiece.
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This method has the advantage that the trus droplet
sizes are observed and measured directly. Its several
disadvantages, however, include the fact that there is &
time 1imit imposed on measuring and counting of droplets
due to coalescence and evaporation. Moreover, the technique
cannot be applied successfully to coarse sprays, because
large droplets hitting the liquid surface even at small
distances, still possess relatively high momentunm, whioh may
cause them to split. On the whole it is a tedious and time
consuming process and errors in the judgement of droplet
sige tend to oreep in.

(11) vimetric Meth

The target in this case was a pileoce of paper of sultable
texture, which had previously been weighed. After spraying,
it was re-weighed to f£ind the total weight of droplets which
had landed on it. The droplets were then counted by means
of a miocroscope in order to find the average droplet weight,
from which the average droplet eige was oalculated.

In practioe the best paper was found to be graph paper
(quadrille ruled medium crsam wove -~ 24 1b.), as the squares
in 1t facilitated the counting, Addition of a little of
Potassium Permanganate to colour the water droplets was also
found to facilitate counting. An.ellowance was made for loss
in weight due to evaporation of water from the paper. A series
of '518hM wers carried out to find out the rate of
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evaporation of water from the drops on the paper and then
the plot of weight versus time was extrapolated back to
gero time,

The gravimetric method had the advantage that it was
not necessary to measure the sige of each droplet. Also,
after the initial weighing had been done, the actual
counting did not need to be hurried. The disadvantage,
however, resulting from possible failure to count all the
droplets in the sample could not be disregarded. |
(141) Impression Method:

In this method, the target, usually a mioroscope slide,
is covered with a suitable coating, which must be of fine~
grain structure, so that even the smallest droplet
impressions are distinct,

(a) esium Oxide er: The layer was prepared
by moving a burning magnesium ribbon to and fro under a
microscope slide at a distance, such that the tip of the
flame just cleared the glass, A 12 cm. length of 3 mm,
ribdbon gave a layer of adequate thickness,

When this target was exposed. to the spray, the
droplets striking the magnesium oxide layer, penetrated it
and left a well-defined circular impression, which could be
Viewed under a mioroscope by strong transmitted light.

This method had the advantage of permanency and there
were no eva‘por;t:l.on' or coalesence problems to consider.

Uay(103) o0 s from his droplet size measurements of "very
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nearly homogeneous” eprays from a spinning disk sprayer,
that the ratio of true droplet sise to impression sise is
constant at 0.86 for droplets > 20u for any liquid.

(b) Carbon laver: A fine layer of oarbon was
obtained on & microscope slide by holding it over a sooty
kerosine flame. The droplet sampling procedure was the
same as for the magnesium oxide method.

In this case also the ratio of impression sice to the
true droplet size has been investigated, and found to be
1,05, (63)

The sprays under invoatigatioh wéro very heterogeneous,
the droplets varying over a ten-fold range in diameter at
higher pressures, and over a fifty-fold range at lower
pressures., It was .therefore necessary to introduce an
average value which would i:e suitably representative of
the number and diameter range of droplets. The arithmetic
average or arithmetic mean diameter was used in this work
and called the Average Droplet Sise. (A.D.S.). This
averagé is simply Z N D/t N. The introduction of this
A.D.S. is equivalent to the replacement of the actual spray
composed of droplets. of different sizes, by a fioctitious
epray in which all the droplets are of the same size equal
to the A.D.S, o
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Initial experiments carried out to find the suitability
of the Automatic Particle Counter for droplet sizing by the
carbon layer impression method, indicated that although a
greater nmumber of impressions might be counted by A.P.C.,
the value of A.D.S, given by it would be in error, since the
upper sige limit above 90.5 miorons could not be clearly
defined and assessed; and there were many droplets whose
diameter was greater than 90.5 microns (the maximum size was
about 220 u). The lowest magnification, which could be
employed was ( x 25 ) and with that, the £ values were
16, 32, 45.3, 64 and 90,5 microns. Hence visual counting
was resorted to for droplet size measurement in subsequent
experiments,

A Beck Optical Microscope with an eyepiece fitted with
a calibrated linearl scale was employed for counting and
sizing of the droplets. A combination of an ocular (x 6)
and either of two objectives (16 mm. and 4 mm.) made possible
two magnifications of the order of (x 96) and (x 24). |

Employing in turn each of the methods of droplet size
Deasurement, the A.D.S. was obtained for sprays projeoted by
& pressure of 8.5 Kg./sq.cm. by sizing and/or counting
500 droplets or impressions. The results, after applying

the necessary correction factors, are shown in Table 6.2.
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TABIE 6.2

Average Droplet Sige of Sprays.
Comparison of sampling methods.

Sampling Method A°D°Smiorons
-Immersion method 127.0
Gravimetric method 95.6
Magnesium Oxide Impression
method 164.0
Carbon Layer Impression
- method 170.0

It is seen that the values of A.D.S. obtained by the
immersion and gravimetric methods are much lower than those
got from the impression methods. This suggests that the
larger droplets hitting the liquid surface in the immersion
method might have split, by virtue of their higher momentunm,
thus causing an increase in the number of smaller droplets
and hence a lower A.D.S. In the gravimetric method, of
course, failure to count all the droplets could have resulted
in a lower A.D.S.

The results from the two methods of impression
sampling are found to agree within the limits of experimental
error. Of these, the carbon layer method was selected for
use in subsequent experiments with high pressure sprays,
since it had the important advantages over the magnesium
layer method in that the carbon layer was less liable to
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break up when wet, and it provided a better light contrast
between the impressions and the surrounding black medium,

6.5 _ The effect of Spray Pressure on Droplet Sige.

The spray unit, described in 6.2 was used to give a
uniform injection pressure at the nozgzle, which could be
caried over the range 35 - 210 Kg./sq.cm. (500 - 3,000 p.S.i.g.)
Since the spray penetration was quite deep (about 4 metres),
the spray was operated horizontally and exposed to the target
by means of a shutter for a short period of 0,005 seconds,

Each target, consisting of a microscope slide covered
with a fine-grained layer of carbon, was exposed to the spray
for an equal amount of time in one of the same five positions
at distances 0,92, 1.83, 2.75, 3.65 and 4.58 metres from the
nogzle and in a position lying about half a metre below and
parallel to the axis of the jet. '

At each injection pressure, six targets were used and
80 impressions were sized on each target under the optical
microscope, The A.D.S. was then obtained at each pressure,
by finding the arithmetic mean diameter of these 480
impressions, The results are shown in Table 6.3 and the
relationship between the injection pressure, the theoretical
discharge velocity of the spray and the A.D.S. is shown in
Pig. 6.3,

Degree of atomisation, as characterised by A.D.S. may
be seen to increase with increase in the injection pressure,
It appears that there is not a significant reduction in A.D.S.

at pressures higher than about 150 Kg./sq.cm. (ca. 2000 p.s.i.).
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TABLE 6.3
c f B res on Disch oc and A.D.S.

Carbon layer Impression Method - Optical Microscope Sizing

Rt m”;m ﬁx::;e- A.D.S Log P
PoBoicgo Kg/eq .om | %fgﬂﬁ'ﬁ‘ o“o ° o8 Log ADS
om,/8ec.
500 35015 | 5,640 98.5 1.5459 | 1.9934
600 42.18 | 6,180 93,0 1,6250 | 1,9685
750 49.56 | 6,900 88,5 1.7220 | 1.9469
1000 7003 7,970 82,9 1.8470 | 1,9186
1200 84.36 | 8,740 77.5 1.9261 | 1.8893
1600 | 112,48 | 10,090 68,5 2,051 1.8357
2100 |147.65 | 11,560 64,0 2,1691 | 1.8060
2400 |168,72 | 12,380 64.4 2.2272 | 1.8089
2500 |175.75 | 12,620 62,1 2.2448 | 1.7931
2750 190,16 | 13,260 | 63.3 2,2862 1.8014
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A relationship connecting Log P and Log A.D.S. is
shown in Pig., 6.4, and it is evident that the logarithm
of the injection pressure of spray is inversely proportionsl
to the logarithm of A°DoS. The best straight line linking
the experimental points has a gradient of ( - 0.,28). Thus
ons relationship between the characteristics of spray and
and the variables of the injection system can be given as

AoDoSo = K, P 0028

The relationship data has been discussed in detail in 6.9,

6,6 _The effect of spr ressure et Siz strib .

A number of tests were made to determine at various
Pressures the uniformity of the spray and the droplet sige
distribution. The}techniqua was aa'a;readi described,
Droplet impressions were counted and siged over a wide
range.  The pressures investigated were 35015, 70.3 and
' 147063 Kg./sq.cm. (500, 1000 and 2100 p.8. 1.,3.) The results
are given. in Table 6.4 and the size distribution curves are
drawn for the three ﬁrgeaurés in Pig. 6.5,

"It can be seen from the curves that an increase in
injection pressure results in a greater spray uniformity, by
the reduction of the number per cent of bigger droplets,
particularly sizes > 100 p. It can also be inferred by
comparison with Pig. 6.3, that the improvement in atomisation
With increased injection pressures is not only due to the
decrease in the size of the emalleﬂt_droplets; but is also
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'ZABLE 6.4

Droplet Size Distribution in High Pressure Sprays.

tlmp/zn

Pressure
Beo/oqomin 52435 70.3 14765
g:arzl:%?e of Percentage by number of each mean sise
14,3 2.7 5.5 6.1
28,6 6.1 10.7 15,0
42.9 7.5 13.1 20,3
57.2 10.5 14.1 18.5
7105 11,6 12,1 12,7
85.8 12.1 10.3 8.3
100.1 11.5 8.1 6.2
114.4 9.5 - 5.8 4.3
128,7 7.0 4.5 301
143.0 503 3.3 2.0
157.3 4.0 3.0 1.2
171.6 303 2,6 1,0
185.9 301 2.4 0.6
200.2 2.9 2.2 0.3
214.5 2,8 2.1 0.4
IND, 985001 8284.6 6396.6
N 100 100 100
AD.S, = 98,5 82,9 64,0
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accounted for, by an increase in the mumber of asmall droplets
(< 100 p) and by a decrease in the mumber of large droplets
(> 100 p). The sprays are generally found to be very
heterogeneous in character, especially at pressures lauer
than 70.3 Kg./sq.cm. (1000 pes.i.), This heterogonoity

may be attributable partly to the mode of atomisation in

the spray co‘no.

6 he effect of sam distance A,D,S.

To determine whether there was }a change in the A.D,.S.
with length of spray path, the spray was operated horisontally
at a pressure of 70,3 Kg./sqocm. (1000 po8.i.g.) and targets
wére suitably placed at a number of distances from the
nogzezle in the path of the flying droplets.

An assessment of A.D.S. at the sampling positions
indicated that there was no significant change in the value
of A.D.S, along the length of spray up to about 2.7 metres
from the nogzle and at a greater distance there was a
Blight progressive decrease in A.D.S, up to the total penetrat-
lon of the droplets of 3.7 metres. The mean A.D.S. up to
2.7 metres was about 80 microms. At 3.7 metres the A.D.S.
has dropped to about 60 microns. This may be attributed to
evaporation of the droplets.

Since when used in the dust tunnel, as explained later,
the water droplets traverse a relatively short distance before
impacting on the wall 1t may be considered that the droplets
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suffer 1ittle change in diameter during their dust
collecting flight,

6,8 Rela etween ene s\u d and e use

up_in atomisation.
Hunter(63) caloulated the energy supplied for atomisation

for spray pressures up to about 5 EKg./eq.cm. and compared
1t within the minimum energy required for atomisation. The
study of the relationship was extended for spray pressures
up to 200 Kg./sg.cm. (C.2800 p.s.i.g.) in the present work
and Table 6.5 gives the summary of the calculations for
energies in high-pressure sprays.

It may be easily seen that with inorease of spray
pressure, the ratio of minimum energy required for atomisation
and the pressure energy supplied decreased. Thus, at higher
pressures, most of the pressure energy was converted to the
kinetic energy, thus enabling the droplets to acquire more
renetrative power.

The relationship between logarithm of Ep and logarithm
of Ea may be easily seen to be linear, since Ep 1is direotly
proportional to the spray pressure P and Ea is inversely
proportional to the average droplet sisze A.D.S. The graph
connecting Log P and Log A.D.S. gave a straight line with a
gradient of (~ 0.28).
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Energy for atomisation
Pressure Ep E;. | 100 Ea
x 107ergs/om.| x 107ergs/cm.|
poeoiogo P kg/'q.cm. (-4 Ep

500 35,15 | 34,500 44.40 0.129
600 42,18 41, 400 46,98 0.114
750 49.56 51,750 1 49.42 0.0954
1000 70.3 69,000 52.75 0.0764
1200 84.36 82,800 56,42 0,068
1600 112,48 110, 400 63,8 0.0578
2100 147,63 144,900 68,2 0,047
2400 168,72 165,600 67,9 0.041
2500 175.75 172,500 70.4 0.0408
2750 190,16 189,750 69.0 0.0364
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6,9, Determination of a functional non-~dimensional

relationship between the characteristics of the spray

system and the Average Droglet Size.
The method of dimensional analysis has been used

by several 1nvest13ators to establlsh the relationship
between the diffbrent varlables of an injeetion system and
the characteristics of Sprays produced Fraser, Eisenklam
anﬂ Dombrowski(lo4) found tha follow1ng relations between
the properties of the 1iquld and the atomieer to hold :

(2 % "y

If this is applied to a particular orifice and a particular

liquid sprayed into air, it reduces to

D, @ k. 2(3) or p - p(-0:33)

A general formula of the nature D = K.P® had also
been established by many other workers in this field.
Néedham(los) found the index n to have a value of =0,275,
while Joyce(los) obtained a value of =0.35. Both were
derived from results of experiments with swirl atomisers
and with continuous injection and using the method of
Substitute liquids for droplet size measurement. MNolten
wax of viscosity about 2.5 centistokes was used as a

substitute liquid.
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Muraszew(107) analysed data regarding swirl and
plain atomisers discharging different liquids into the
atmosphere and found the value of n to be 0.42. He
included plain atomisers in the determination of this
value. ‘

Another important factor which may account for these
slight discrepancies is the variety of methods of droplet
measurement, Nbvertheleaa, our relationship would seem to
be in agreement with the relationships obtained by the

other workers.

= ("0028)
Dp K.P

The lower value of the index n may also be attributable
to the fact that the spray obtained from the solid-cone
spray was somewhat coarser than that given by the corres-
ponding hollow-cone spray and henoe the A.D.S, is larger,

A relationship could be sought between the average
droplet size of the spray and the Reynolds Number of the
issuing liquid jet, when spraying water at room temperature.

Now Re = v! o. pL
n,
= uovn

1
- x2, P72

or P = k30R02 coooeo (1)



98,

We have already established from experimental results
that
V .'AoD.oSO = ko P(-Oozs)

(- 5ize)

‘or P = k4o(A°DoS°) e (2)
From (1) and (2) 4
S ~ 0.28 2
P = k4(AoDoso) = k3RQ

(- 2 x 0.28)
Hence A.D.S. = K. Re

= K. Rel™2:56)
A graph connecting Logarithm of Re and Logarithm

of A.D.S, will give a straight line with a ‘gradient of 0.56.
Thus this non-dimensional relationship

AoDoSo = K, Re(=0:56)

could be very useful in predicting tﬁe'averaga size of -
droplets from sprays.
£.10 Summary.

Droplet aize meaaurements were carried out successfully

at high pressure ranges (35.15 - 210 Kg./8q.cm.) by the
carbon layer impression method and the following relationship

was found to hold good

D, = K p(-0028)
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An increase in the injection pressure resulted
in a decrease of average droplet size of spray (more
pronounced at pressures below 140.6 Kg./sq.cm,) and in
an increase of spray uniformity, which was brought about
by reduction in the number of larger droplets in the
spray.,

The Automatic particle Counter was found not very
suitable for such measurement, since droplet size ranges
over 90,5 could not be definitely grouped. ‘

A functional non-dimensional relationship was
established, to enable prediction of average droplet
size for a given orifice diameter and a given injection

pressure.

(=056 )
A.Do.Se = K. Re
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1o EFFECT OF HIGH PRESSURE AQUEOUS SPRAYS ON DUST

SUPPRESSION.

1.1 Introduction.

Having studied the particle size distribution of the
air-borne dust in the tunnel and the droplet size distribution
of the high pressure spray, a quantitative determination was
made of the effect of the high pressure spray on the knock-
down of the air-borne dust particles.

Earliier workera(sa)had sprayed air-borne dust with
aqueoﬁs solutions of several ﬁetting agents and found that at
pressures up to 4.4 kg./sq.cm. an improvement in the dust-
Suppression efficiency did not appear to result, It was
necessary to extend the tests to higher pressures, since the
results would also indicate whether the lowering of the
interfacial tension and increased wettability had any
significant effect at such higher spray pressures on the
capture of dust particles, Effect of change of throughput
of liquid at constant pressure and effect of the relative
velocity between the dust particles and the spray droplets,
on dust suppression efficiency could be asseesed, and it
would be helpful to correlate the characteristics of the
8prays and the dust suppression efficiency. From a practical
point of view, the amount of water required to suppress a

known amount of air-borne dust would be of some significance.
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1.2 __Ini%lal experiments with high pressure water sprays.

The first series of experiments were carried out in

the wind-tunnel, in order to compare, for the same spray
nozzle, the effectiveness of hollow-cone spraying with that
of solid-cone spraying on the dust suppression efficiency.
Thé nozzle chosen was that already used for the droplet-size
measurements. (Nozzle No.,l ; 8ee Table 7.6).

The tests were made in the tumnel, with the air
velocity set at about 100 cm./sec. and the dust machine
adjusted to produce an air-borne dust cloud at a concentra-
tion of about 1500 pop.c.¢. Water was sprayed through the
hollow=cone spray nozzle 1 upstream on the axls of the tunnel
against the dust-laden air stream. The effect of spray
pPressure on dust suppression efficiency was studied
quantitatively at 8 different atomisation pressures, At
each pressure, when conditione in the tunnel and the spraying
unit became steady, simultaneous dust sampling was done by
means of thermal precipitators before and after the spraying
unit, The T.P, dust samples were then counted under the
Automstic Particle Counter and the results obtained are
ghown in Table 7.1,

Similar tests were then carried out with the same
nozzle and at the same spray pressures, this time using a

"drowned” spray (Plug I in Nozzle 1) and the results
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showing egain the percentage of dust particles kmocked
down, are also tabulated in Table 7.1,

It may be seen from the table, that the efficiency
of dust suppression increased with lacrease in spray
pressure and, in general, the efficiency was found to be
higher for the nozzle employing a drowned spray than for
the same nozzle giving a hollow cone spray. Both types of
spray showed similar gradation in the increase of dust
suppression efficiency with the increase of spray pressure.
Also it appeared that the maximum dust suppression was
effected at a spray pressure of about 140.6 kg./sq.cm.
(200 p.s.1.8.) with both nozzles, the efficiency being
48,5 per cent in the case of the hollow-cone spray and
about five per cent higher for the solid-cone spray.

It is important to note that this higher dust
suppression efficiency in the case of the solid-cone
spray was achieved at the cost of a higher water usage.
This is well illustrated in Fig. 7.1, 1in which the dust
suppression efficiency is plotted against throughput for
each nozzle. Comparison of the curves enables one to see
the effect of throughput at constant pressure on the dust
suppression. }

It may be seen from Fig. 7.1 that the inorease in
dust suppression efficieney obtained with solid cone sprays
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is relatively insignificant, considering the increase

in water ueage. It is interesting to note that maximum
efficiency seems to have been achieved with both hollow
cone and solid cone spraya at 140.6 kg./eqo.cm., at which
Spray pressure, the solid cone spray was found to be only
five per cent more effective, even though its throughput
was about fifty per cent more than that of the hollow
cone sprays,

Comparison of dust suppression efficiencies
obtained with those found by Deshpande(75) using the same
nozzle indicate that although the maximum dust suppression
efficiency was achieved at the same spray pressure
(140.6 kg./sq.cm.), his values were generally somewhat
higher, This may be due to the lower velocity of the dust-
laden air-stream, at which he carried out his experiments,
(60 cm./sec.), as is evidenced from the author's results
on the effect of air velocity on dust suppression,
discussed in 7.6 and 7.7.

I:3_ Selection of Surface Active Agents.
It is generally agreed that the dust suppressing

ability of a spray is dependent not only on the degree of
atomisation achieved but also on the "wettability"of the

dust to be suppressed.



104.

Hunter‘63) showed that above a certain value
of applied pressure the degree of atomisation, achieved
by using solutions of low surface itension, was similar
to that obtained using water., Only at very low preasures
(< 2 xgo/3q.cm.) was any improvement gained by lowering
the liquid surface tension. Glen(ﬁz) found that the
inciusion of surface active agents in the epray solution
did not result in an Improvement in the dust suppression
efficiency when the liquid was sprayed at pressures lower
than 4.3 kg./sqocm. It was therefore decided to investigate
at higher pressuresthe effect of aqueous solutions of low
surface tension on dust suppression. It was already
known from Hunter's work that no improvement in atomisation
should result, thus any improvement found must be due to
increased wetting power.

The molecule of a wetting agent is relatively large
and is composed essentially of two parts : ome is
Characteriseq By its affinity for, and solubility in,
water and is called the polar or 'hydrophilic’ group; the
other part has a strong affinity for o0il or water-insoluble
organic substances, and, consequently, is known as the
non-polar or ‘hydrophobic® group. In the wetting agent

Ssolution, it is claimed that these molecules orient
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themselves with the hydrophilic end of the molecules

in the interior of the droplet and hydrophobic end at
the surface, One wetfing agent within each of the three
generally recognised classes was selected for the
subsequeht experiments on dust-suppression., They wera
as follows(lo7> $-

(1) XNon-ionic Type: Iissapol N, which is an
aqueous solution of nonylphenol ethylene oxide
condensate, containing a polyethylene glycol
chain and is represented by

R~ 0~ CyH, (- 0CH, ~ ). OH
(11) Anionic Type: Calsolene 0il HS, which is an

aqueous solution of the sodium salt of a highly
éulphated 0il ; and

(111) Cationic Type: Fixanol C, which is anhydrous
cetyl Pyridinium Bromide

&

(1) and (1i), which were liquids, were readily
soluble in cold water, while (iii), which wae a brown
soft solid, dissolved more quickly in hot water than in
.cold.,
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It was decided to produce sprays from agueous
solutions of these surface active agents, having statio
surface tension values of 60, 50 and 40 dynes/cm, and
compare their dust suppression efficiency with that of
pure watero The variation of static surface tension
with conocentration of a partioular surface agent in
water was determined by means of the du Fuoy tonaiometor(me)

This instrument measured the static surface temsion
by finding the force necessary to detach & platinum-iridium
Ting, 4 om. in oircumference, from the 1liquid surface..

' The ring was suspended from an arm fixed to the middle of
‘a torsion wire. The front end of the wire was linked to
a vernier pointer which moved over & scale oalibrated
directly in dynes/cm.

The results ehowing the lowering of eurfaoe tension
‘obtained with inoreasing concentration of the agent in
* water are plotted in Fig. 7.2. Prom these curves the
concentrations of the surface ective agents to give
surface tensicns of 60, 50 and 40 dynes/cm. are tabulated
in Table 7.2, .

Table 7.2 /...



dynes/cm.

of spray solution

surface tension

Static

F1G.7-2.EFFECT OF CONCENTRATION OF SURFACE -

ACTIVE-AGENTS ON STATIC SURFACE TENSION

oo
o
[ ]

—x—x- Calsolene oil aqg.(anionic)

N
?

—.— — Lissapol N aq( non-ionic)

60-

50-

40-

30-

20-

10
001 0-02 003 0-04 0*05 006

concentration gm/100cc-
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Surface Tension of Surface active agent solutions

£ i i .

Type 2;; ma:cz oiitt?éi Concentration in gms/100 cOcO
Surface Tension (dynes/cm*)s 60 50 40
Won-ionic Llssapol N 0000066 000016 0.0085

Anionic Calsolene 0Oil HS 0000133 000094 0008
Cationic Fixanol C 000004 Oo001 000415

It may be seen from the curves that concentrations
of surface active agent less than Ool# by weightO were
sufficient to lower the surface tension from 7208 dynes/cmO
to values lower than 40 dynes/cm. It is also worthy of
note that the rate of change of surface tension below
40 dynes/cmo with larger addition of the surface active
agent was quite small, indicating the economic dis-
advantages in using higher concentrations of these surface

active agents0
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1.4 Teeots with surface active agent solutions at
higher atomisation pressures, |

The effect of spray pressures on the dust
suppression efficiency was studied for the surface active
ageht;spray solutions, at the same values of applied
pressure as before. Three different concentrations of
each type of surface active agent were used to give the
required surface tensions of 60, 50 and 40 dynes/cm.
respectively to the sprayed solution,

Alr velocity in the wind tunnel wae set at about
100 em./sec. and the dust concentration was about
1500 popscsc. The same nozzle (Plug 1 Nozzle 1 solid-
cone spray), as used for experiments with water sprays,
was used and when conditions ﬁere steady in the tunnel
and in the spraying unit, dust sampling was carried out
before and after the spray by thermal precipitators.
The dust samples were then counted under the Automatic
Particle Counter and the results obtained are shown in
Tables 7.3, 7.4 and 7.5,

It may be seen from the tables that the increase
in spray pressure up to 140.6 kg/sq.cm. increases the
dust-suppreasion efficiency, for all the types of
solutions sprayed, Comparison with the efficiencies
using water (Table 7.1) indicates that efficlency has
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shown signs of :an:;ease with lowei'ing of surface tension,
the dust suppression efficiency in fact reaches the
highest value, ivhon a solution of surface tension of

40 dyneé/cmo is sprayed.

Among the types of surface active agents, the
cationic type Fixanol C showed higher valuea' of Qust
suppression efficiency, than the other types. A maximum
of 59,05 per cent was obtained for Fixanol C solution of
surface tension 40 dynes/om., as against 53.6 per cent
for water at 140.6 kg./8q.cm. _' |

Fix;.nol C would appear fo have better wetting power
than the others., This was evidenced also by an experiment
made to test the relative wetting power of these surface
active agents. A 50 Co0s (40 dynes/cm.) solution in
wa.tér of each of the three surface active agents was
pPrepared, and placed in a glass graduated cylinder,

50 doco of water was placed in a fourth cylinder., 2 gms.
of experimental coal dust were placed on each liguid/air
interface in the cylinder. It was found that the dust
particles were wetted first by and senk first to the
bottom of the cylinder of the Fixanol O solution. The
relative wetting power, judged in this semi-quantitative
way was found to be in the decreasing order of magnitude
as follows : Fixanol C, Calsolene oil HS, Lissapol N
and water.
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In view of the above results it was decided to
use Fixanol C solution as the spray liquid in further
. experiments to determine the effect of change of throughput
at constant spray pressure and the effect of change of air
velocity at constant spray pressure on dust suppression

efficiency.

1.5 _ Effect of change of throughput at_constant pressure
on dust suppression efficiency :- '

The water throughput of sprays can be varied at
constant spray pressuré by either of the two ways s
(1) by changing the orifice diameter of the nozzle, in
the case of hollow-cone sprays, and (ii) by keeping the
same orifice diameter and changing the diameter of the
hole in the plug, in the case of solid-cone sprays. Both
the methods were utilised to find the effect of change of
throughput at 140.6 kg./sq.cm. on the dust suppression
efficiency.

For hollow-cone spraying, six nozcles were tested,
including Noggzle 1 used in previous experiments. For
8olid-cone spraying, four plugs were tried in Nozzle 1,
including plug 1 used for droplet size measurements, The
characteristics of the hollow cone nogzles and solid-cone
epray pluge are given in Tables 7.6 (1) and (1i) and the
throughput curves are shown in Figs. 7.3 and 7.4.




Table 7.6 (i

Nozzle characteristics for hollow-cone sprays

¢ Orif:éce
Nozzle | Orifice le h Flow No. Cone
° | Dy ecmo diam, FN (e)
) degrees
l 0,051 0.36 0.,2725 0,452 50
2 0.092 0.149 0,318 00,162 60
3 0.108 0,142 0,374 0,138 70
4 0,131 0,134 00,5745 0.144 75
5 0,154 0.107 0,729 0,133 80
6 0,165 0,077 0,851 0,134 110
Table 7.6 (11)
Plug characteristics for solid-cone sprays
Nozzle Nool
Plug | Dpia, of hale] Flow No. c Jgnsle
Ref, | in plug.cm, 3] d
1 0.05 0,408 0,68 40
2 0,062 0,461 0,766 37
3 0,078 0.6 0,995 33
4 0,085 0,636 1,05 18
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Pixenol C solution of surface tension 40 dynes/cm.
was sprayed at a pressure of 140.6 kg./sq.cm., the spray
nozzle facing upstream along the axis of the tunnel. The
air-velocity in the tumnel was adjusted to 100 cm./sec.
and the concén‘bration of dust was set for about 1500 p.p.c.c.
When édnditidﬁa became steady, dust sampling was carried
out before and after the spray and dust suppression
efficiency calculated from the difference in the dust
counts, Four solid cone plugs with Nozzle 1 and six
hollow cone spray nozzles were iried in turn at the spray
pressure of 140.6 kg./sq.cm. And the results obtained are
shown in Tables 7.7 (1) and (ii),

As may be seen from the table, the dust suppression
efficiency is foumd to increase with increase in throughput
at constant pressure. The rate of increase in efficiency
is seen to be higher for the solid cone sprays than for
the hollow cone sprays at the same range of throughput,
This may be attributable to the fact that in the former
case a significant number of water droplets are initially
injected parallel to the axis of the tummel. .

Por example, for nearly the same throughput of
about 2,85 1itree/min., from hollow cone Nozzle 4 and solid
cone Nogzle 1 Plug 4, the dust suppression efficiency was
higher for the solid cone (67 per cent) than for the
hollow cone (60.5 per cent).
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A graph connecting the throughput and the
efficiency is shown in Fig. 7.5. There ssems to exist
a linear relationship between the throughput and the
efficiency, for any particular nogzle and nature of spray.
On comparison with Fig. 7.1, it is evident that the rate of
increase in dust suppression efficiency is more pronounced
with increasing spray pressures up to 140.6 kg/sq.cm.
ueing the smaller nozzles, then with higher throughputs
at 140.6 kg./sq.cm., obtained with bigger nozzles. I%
appears therefore that the spray pressure playes a more
important part in dust suppression, than the amount of
water sprayed. This is discussed in more detail in 7.7.

1.6 Efi’ect'-gf change of air velocity et constant spray
pressure.

Theoretically, an increase in the velocity of the
air in the tunnel would increase the relative velocity
between the dust particle, which is assumed to follow
the velocity and flow pattern of air, and the liquid
droplet issuing against the dust laden air stream from
the sprey nozzle. To investigate, by quantitative
measurement, the effect of change of air velocity at
constant spray pressure, the following experiment was
carried out,

The velocity of air im the tunnel was first set
at 50 cm./sec, and the dust machine was adjusted to give
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FIG.7.6.EFFECT OF AIR VELOCITY ON DUST SUPPRESSION
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a dﬁst concentration of about 1500 p.p.c.c. Fixanol C
solution of surface tension 40 dynes/cm. was sprayed at
a pressure of 140,6 kg./sq.cm, through Nogzle No. 2
(Hollow Cone), against the air stream, After steady
conditions were reahced, dust sampling was carried out
before and after the spray and from the dust counts
obtained from the Automatic Particle Counter, the dust
suppression efficiency was calculated. The test was
repeated under the same conditions, but by changing the
air velocity in turn to 100, 175, 250, 375 and 500 cm./sec.
The results obtained are shown in Table 7,8.

From the results, it is surprising to note that the
efficiency decreased rapidly, with increase in air velocity,
The dust suppression efficiency dropped fram 62.5 per cent
at 50 om./sec. to about 10 per cent at 500 cm./sec.

In practice with spraying in the tunnel, it was
found on inespection that the spray cloud was considerably
deformed and the spray cone reduced in sige at higher air
velocities, Thus the initial penetration of the greater
number of the droplets was reduced and a proportion of
the dusty air could bypass the spray., This effect is

illustrated in Fig. 7.10.
The graph connecting the dust~suppression efficienoy

and the air velocity in the tumnnel seems to indicate a
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linear relationship (Fig. 7.6) and it appears that
there is a drop of efficiency of about 1.8 per cent
for every 10 cm./sec. increase of air velocity.

7.7 _Discussion of results.

It was found in general, that these small high
Pressure sprays were able to remove a considerable
. proportion of ¢ 10 p air-borne coal dust from the air in
the wind tunnel (up to a maximum of about 70 per ocent,
depending upon the spray liquid, nature of spray, spray
nozgle and spray pressure employed and the velocity of
air-borne dust in the tumel). The results are best
oconsidered under their appropriate sub-sectidn 'headingao

Effect of spray preseure : (Tebles 7.1, 7.3, To8 -
and 7.5; Fgo Tol) .

"As might be expected, increase in spray pressure
generally causes an increase in dust suppression efficiency.
Irrespective of the solution sprayed, all the experiments
showed a gradua) increase in the dust suppression efficiency,
with increase of spray pressure up to 140.6 kg/sq.cm. The
maximuym efficiency seems to have been reached at a spray
pressure of about 140 kg/sq.cm. and there appears to be
a Blight reduction in the efficiency beyond this spray

‘Pressure.
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When all the results for the Tables 2 and 5(c) are
plotted together, an approximate proportionality appears
to exist between the dﬁst ‘suppression efficiency of the
partiocular nozgle and the logarithm of the liquid spray
pressure (Fig. 7.7). It is evident from the tables and
graph that there is not much to be gained, in increasing
the spray pressure above 1406 kg./sq.om. It was already
shown in Chapter 6.8, that the amount of energy required
to produce the spray at higher pressures is very high and
hence, it is not commensurate with the return in dust
suppression, It is also worthy of note, that increase in
the spray pressure is accompanied by an increase in the
throughput of the spray and hence reduces the dust-water
ratio. As is shown later, there appears to be an optimum
spray pressure of about 140 kg./8q.cm., beyond which the
additional throughput of sprayed liquid does not contribute
towards any significant increase in dust suppression
efficiency. On the contrary, it only helps to reduce the
dust-water ratio.

The spray variables that are dependent on the
pressure at which the spray liquid is applied to a given
orifice are :-

(1) the 'angle which the spray cone subtends at the

orifice (the cone angle) ;
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(11) the liquid flow-rate, which increases as the
square root o: the spray pressure;

(111) +the initial velocity and penetration of the
spray droplet. The latter will, in practical
cases, depend on the velocity of the oncoming
dust-laden air stream, and

(iv) the average droplet size produced by the spray.

It has been shovm(aa) that for the noggzles employed
in these tests, the cone is fully developed at a pressure
of about 100 p.s.i.g. and the cone angle does not change
greatly at higher pressures, In practice, moreover, a
certain amount of deformation of the spray cone takes
place, especially at higher air velocitlies and this makes
the difference between the oone angles of the nozgles
employed, insignificant for all practical purposes.

If the increased dust suppression efficiency at
increased spray pressures were merely due to the increased
flow rate and consequently to the rate of increase of
11quid droplets ejeoting out of the spray nozzle, ons might
expect the dust suppression efficiency to vary approximately
as the square root of the applied spray pressure. In Pig.
7.8, the logarithms of all pressure variation results for
noszsle 1 (hollow cone and solid cone water sprays, and
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Flzanol C sprays) are plotted against the logarithm of

the dust suppression efficiency and in all the oases
straight lines with gradients of 0Oo3B5 can be drawn through
the points» thus giving a general relationship between the

spray pressure and dust suppression efficiency0
E a (p)..°*385 (1)

which is somewhat lower than the efficiency obtainable from
the relationship E a P0o%

The increased initial velooity and penetration at
higher spray pressures should have a positive influence on
the dust suppressing efficiency* But however, since the
spray nozzle is placed faolng the dust-laden air strerm*
the liquid droplet emerging from the nozzle will decelerate
rapidly to zero velocity and, if it has not reached the
tunnel wall9 will then be accelerated down-etream with the
airQ Thus only for quite a small proportion of its life*
will it have a velocity controlled by the spray pressure0

Again, from our experiments described in Chapter 6f
it was shown that the logarithm of the average droplet size
in high pressure sprays is Inversely proportional to the

logarithm of the spray pressure» viZo
AoDoSo » ko (P)”028

If one may take* as a measure of the number of liquid



droplets produced per minute* the ratio
Volume flow rate/Average Droplet Size
and since volume flow rate a p*°5)

and average droplet size a p(~°o28)

then Jftmber of droplets per minute «1 0 p(0°5+0028)

. ko P (0d478)

Thus if the dust suppression efficiency were
dependent on the number of droplets produced per minute¥*
it should increase as the (0078) o power of the spray
pressureo This is quite high in comparison with the
experimental results which show that the efficiency
increases only as the (00385)th power of the Spray
pressure (Pigo 708)0

This tends to confirm the already well recognised
fact that "number of droplets" alone is not the controlling
factor in dust suppression*, Dot all droplets have an equal
chance of capturing a dust particle<

The smaller the droplet size* the more difficult does
it become for it to make a successful capture of a dust
particle owing to the nature of the flow pattern of the
air around the droplet« It has been shown in Chapter 6,
that a decrease in the average droplet size at higher



spray pressures was brought about by an increase In the
number of smaller sized droplets rather than by a decrease
in the smallest size0 This would mean that at higher
spray pressures* the number of smaller size droplets being
greater* chances of collision and consequent capture of
the dust particles by these droplets is less* and this
could explain the lower dust suppression efficiency
obtainedo This subject will be dealt with more fully
later in this thesis« It is of interest to note that it
has been suggested””) that there may be a decrease in
the efficiency of atomisation of spray nozzles at very
high pressures due to pressure deformation of the orificeO

Effect of solid-cone spraying :{7°2$ Table 7o0l# Figo7d)

Comparison is made between hollow-cone spraying and
solid-cone spraying in Table 7«1 and Pigo 7«1° Using the
same nozzle (HoO 1) and spraying water* it is seen that
the dust suppression efficiency for the solid-cone spray
shows nearly the same gradation* as that for the hollow
cone spray* and a inrum efficiency of 53°5® Per cent
was recorded for solid-cone spray at the spray pressure
of 14006 kgo/sqgocmo* while it was 4805 for the hollow
oone sprayo

The graphs showing the relationship between the
logarithm of spray—pressure and the logarithm of efficiency
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are shown in Pig, 7.8 and it may be seen that the nature
of spraying devices does not significantly affect the
relationship, even though the efficiency values for the
solid cone sprays are higher than those of hollow cone
sprayeo. -

It was to be expected that the solid-cone spray
would give a better dust sﬁppreseion efficiency, b&oauje
for the same spray pressure, the solid cone spfay nosgle
had a throughput about 1.5 times that of the hollow cone
no;zleo The increase, however, in dust suppression
efficiency with the solid-cone spray, does not greatly
justify the large increase of throughput of the spray.
ﬁh{ereaa the increase in throughput is about 50%, the
increase in dust suppression efficiency is only of the
order of 10 per cent of the efficiency obtained by hollow-
cone sprays. As may also be seen from the dust-water
ratios ocalculated later in this chapter, the ‘number of
particles of dust knocked down per c.c. of 1iquid sprayed
is actuslly lower for the solid-cone 8pray, than for the
hollow-cone spray. (Figs. 7.12 and 7.13)

WME :(7.4; Tables T7.3,7.4,7.5)

The results shown in Tables 7.3, 7.4.apd 7.5 ceem %o
indicate that in gemeral the wetting agents give & small
inorease in dust suppression efficiency. The increase in
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efficiency with spray pressure, seems to show a similar
gradation to that of pure water sprays and the maximum
efficiency was again reached at about 140.6 kg./sq.om.

Of the threé eﬁrface active agents, the cationic
type = Fixanol C ~ gaﬁe better results than the other two.
At the spray pressure of 140,6 kg./8q.cm., however, the
dust suppression obtained by using Fixanol C solution of
surface tension 40 dynea/cmongae only about 6 per cent
higher than that obtained by using water alone, With
calsolene oil HS, the increase in dust suppression was
only about 4 per cent and with Tissapol N about 3 per cent.
It would seem that the use of surface active agents is not
very advantageous from an economic point of view,

These results suggest that measurement of the air-
solution surface tension alone does not indicate the utility
of a wetting agent. Adhesion tension is necessary to ocause
the solution to adhere to the dust particles. Coal has a
high adsorptive power for air and hence to wet extremely
fine particles of coal dust, the adhesion tension for
the sprayed liquid must be strong enough to work through
the £ilm of air on the surface of the coal dust. The
wetting power of the spray solution is enhanced, if the
power of the wetting agent in question for contact wetting,
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immersicnal wetting and epreading wetting is high(110),

The resulis in Tables 7.3, 7.4&7.5 seem to indiocate
that the wetting power for coal of the cationic type of
wetting agent - Pixanol C ~ is higher than that of the
other twoo A graph connecting the logarithm of surface
tension a.nd logarithm of dust suppression efficiency
with these wetting agent solutiona at a spray pressure
of 140.6 kg./8q.om, 18 shown in Fig, 7.9 and there seems
to be a general relationship between the surface tension
of sprayed liquid and dust suppression efficiency, as
given by

E « Y (-n) s0so  (2)

where n = 0,165 for cationic surface active agent,

n = 0,118 for anionic surface active agent,

and n = 0,074 for non-ionic surface active agent.

Hence combining (1) and (2), E a (P)°°385°('6,)("”)

The increase in dust suppression can be attributable
only to the greater wetting power of the solutions
sprayed, since it has already been sholm(ew that at
higher spray pressures, reduced surface tension does
not produce any significant effect on atomisation.
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-Effect of change of throughput at constant
pressure:(7.5; Table 7.7; Fig. 7.5)

Ae mighf be expected, there is an increase in dust
suppression with inerease of liquid throughput (Table 7.7; Mg.
7.5)s It ie interesting to note that the rate of increase
in dust suppreséion efficiency is higher for the solid
cone {with the increase of diameter of hole in the plug),
than for the hollow cone nozzles,

It may be seen from the figure that the rate of
increase of dust suppression efficiency with throughput
was nearly constant at constant spray pressure. The

figures were about 6 per cent increase for every additional
| litre/minute throughput for the solid cone nozzles and
about 3,7 per cent increase per litre/min. for the hollow
cone nozzles,

| The greater efficiency in the case of solid cone
nozzles may be due to the deeper penmetration of droplets
by virtue of the higher axial velocity of a high proportion
of the droplets in the issuing jet., Consequently, there
would be less deformetion of the spray pattern by the

counter current air flow,



124,

Effect of ajir velocity in the tunnel: 7.6;

Table 7.8, Pig. 7.6.

With the 1iquid sprayed upstream, one would expect
that increase in air veloocity éhould contribute to an
increase in the dust suppression efficiency, as the
relative velocity between the 1iquid droplet and dust
particle is thereby increased. The results in Table 7.8
show ‘.that‘ in the wind tunnel this did not in fact happen,
Prom Fig. 7.6, it may be seen that there was a steady drop
in the dust suppression efficiency with increase of eir
velocity in the tunnel, The efficiency which stood at
6205 per cent with the air velocity of 50 om./sec, dropped
down to 9,14 per cent, when the air velocity was increased
to 500 cm./sec., i.e., a decrease of about 1.8 per cent for
every 10 cm./sec., increase of air velocity.

Inspection of the effect of the flowing air on the
spray cone provided a clue to this unexpeoted variation
It could be seen that the deformation of the spray cone
shortened the forward travel of the droplet, so that the
,mml sige of the cone was reduced, This effeot is
ékétohed in Pig, 7.10. Owing to this deformation, dusty
air was able to bypass the droplets.
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Effect_of spraying on sigze distribution of

8 dust: .

As can be seen from Fig. 7.11, the residual dust
~was, like the initial dust, counted under the Automatic
Partiole Counter in five size ranges - 0,5 ~1.0p,

1,0 = 2,0p, 2.0 = 2,83, 2.8% ~ 4,0p and 4.0 - 5.,66p,

In general, about 75 per cent of the particles greater
than 5.66 miocrons in diameter were removed and about

65 per cent of the particles of size 0.5 - 5.66 microms.
The comparative histograms shown, indicate that the sprays,
irrespective of the nature of the spray device, spray
pressures, throughputs, and air velocities, do not appear
to be partiocularly selective in suppressing any one sige
range of dust over the ranges counted.

Dust-Water Ratio.
A knowledge of the volume of water required to

remove & certain amount of dust from air is of value, when
spray capacities huve to be decided upon the when taking
into consideration the nuisance created by wet conditions
in a particular mining operation. The volume of water
required may be assessed by calculating a dust-water ratio.
The ratic chosen in this work was the mmber of particles
of coal dust knocked down per c.c. of atomised water.
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This eeeming'inconsistence of units may be tolerated,
eince use of any larger, more practical volume units
such as the lifre or galldn results in a very large
number for.the'finai rat:lo'value° if a density is
selected for the coal substance together with an average
particle diameter, one may calculate the weight of coal
dust removed from air suspemsion per litre of liquid
sprayed,

The dust-water ratio calculations are tabulated
in Table 7.9 and the effect of throughput on dust-water
ratio is 1llustrated in Figs, 7.12 and 7.13. It is
worthy of note that the dust-water ratio is higher for
& hollow-cone spray than for a solid cone spray and the
rate of decrease of the ratio with increase of throughput
is more §r less the same, irrespective of the nature of
the'apfay device and the liquid sprayed.

Tﬁis would appear to underline the fact that
1ncreéaed throughput does hot result in a corresponding
inorease in dust auppreasion‘and that there is 1little to
be gained (from the point of view of dust-water ratio) by
increasing-the orifice diaméter of the nozzle to obtain.
high throughput at high pressure.
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8, _EFFECT OF TANDEM SPRAYING ON DUST SUPFRESSION.
8.1 Introduction., S :

| -In the process of spraying through a single nozzle
along the axis of the tunnel counter to the dust-laden
air stream it had been found that even at an air velocity
of about 100 cm./sec, there was some deformation of the
spray cone, It was thought that the bad effecta of this
deformation could be reduced somewhat by placing a second
spray cone behind the first, i.e, a two stage spraying
system. From this idea grew the conception of "tandem"
spraying, i.e., the arrangements of a number of equally
spaced nozzles all set on the axis of the tunnel, one
behind thé other and all spraying counter current to
the dusty air flow. When the distance between nozzles
was fix;d the largest number of nozzles that could be
used at one time would be controlled by the water output
of the pump at a particular pressure and the length of the
dust tunnel, It was hoped that such an arrangement might
furnish a significant increase in the dust suppression
efficiency. A comparison of the dust-water ratios for
tandem aparying'would also indicate whether any increase
in dust suppreseion efficiency gained by tandem spraying

was gained at the price of excessive water usage.
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8.2 Experiments with tandem apma..
" Owing to the limited capacity of the pump the

nozzle with the smallest orifice diameter, Noszsle 1, wase
chosen for the tests. Even with that nossle, tandem
spraying with six noszles was found to be limited to a
pressure maximum of about 140.6 kg./sq.om. (2606 pPo8.iog0)

The throughput of sprays, from one to six nossgles in
tandem was measured during the experiments and are shown
in Table 8.1 and Fig. 8.1, It was found that with two
identical nozgles in tandem, the spray throughput at any
constant pressure was not twice that for a single noggle.
This was 4oonﬁmed ro:?' tandem spraying with 3, 4, %5 or 6
nozgles. It may be seen from Table 8,1 that the tandem
spraying (with identiocal noggles) was aocompanied by a
' nearly constant increase per noggzle in the relative
overall flow pumber (i.e. caloulated by setting the flow
number of ome nozsle = 1,0) for each additional nossle in
tandem (about 0,35).

Experiments with single nozzle have been described
earlier (7.2), Preliminary tests with two nozgles in
series indicated that the second spray ocould effectively
operate without interfering with the first spray, if the
second nozzle was placed behind the first nozzle, at a
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distance not less than 15 cms. Since the nozzles could
not be too near the second dust sampling point, it was
decided to set the distance between any two adjacent
nozgles at 15 oms, The arrangement of novzles for tandem
spraying is shown in Fig, ‘8.2, The stmms ocarrying the
nozzles could be easily corrected for orientation and were
easily detachable from the main water feed pipe.

In the first instance two nozszles were placed in
tandem facing up~stream., The air velocity was set to
100 cm./sec, and the dust concentration in the wind tunmel
was about 3000 p.p.C.Co Water was sprayed through the tandem
sprays at a constant pressure of 35.15 kg./sq.cm. When
conditions in the tunnel and spraying unit became steady,
simultaneous dust sampling was carried out before and after
the spray, by means of thermal precipitators., The dust
samples were then counted under the Automatic Partiocle
Counter. The tests were repeated at a number of higher
pressures,

Sﬁch tests were repeated for arrangements of three,
four, five and six nozgles in turn and at similar values of
applied pressure. A summary of the effect of spray
pressure and the effect of mmber of noszles in tandem on
dust suppression effiociency is given in Table 8.2,

Tables 8.3 (a), (b), (o) and (4) give detailed accounts
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of the data obtained for two-nozzle, three-nozzle,
four-nozzle, five-nozzle and six-nozzle arrangements.

As may be seen from Table 8,2, there is a significant
increase in dust suppression efficiency, with increase in
the number of nozzles in tandem, It is interesting to note
that the increese in dust suppression efficiency with
increase of spray pressure shows a similar gradation for
any number of nozzles in tandem, The maximum dust-
suppression efficiency (for the tandem sprays up to
4 nozzles in tandem) appeared to have been effected at
about 140.6 kg./sqocm. Owing to the limited oapacity of
the pump at higher pressures it was not possible to test
this point more fully.

In general, the rate of increase in dust-suppression
with number of nozzles in tandem is much higher for any
spray pressure than that produced by increasing throughput
- at constant pressure in one nozzle through increase of
orifice diameter. For example, at 140.6 kg./sq.cm. spray
pressure, a single espray nozzle gives an efficiency of
48,5 per cent (7.5) as against 68 per cent, given by
4 spray nozzles in tandem. The increase in throughput,
as may be seen from Table 8,1, is only 1 litre/min. Thus
the rate of increase in dust suppression is about

68 = 48,5 = 6.5 per cent for each additional nozzle or
3
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19,5 per cent per an increase of 1 1itre/min., throughput.
This is quite high, compared with about 4 per cent increase
obtained (chapter 7.6) by changing the throughput at constant
pressure by varying the nozzle diameter. This would indicate
that an increase in throughput by having a number of small
diameter nozzles in tandem ie much more effective and
advantageous, than employing a single nozzle of greater

diameter,

8g3 _Discussion of Results.
The results are best considered under the following

headings 3~

Effect of spray pressure and number of nozzles in
tandem on dust suppression: (Tables 8,2, 8,3 (a),b),(0),(d);
Pigs. 8.3 and 8.4)

A graph connecting the logarithm of spray pressure and
the logarithm of dust suppression efficiency is shown in
Fig., 8,3 for the tandem sprays and it may be seen that a
linear relationship of about the same gradient is obtained
for any number of nozzles in tandem, Between the spray
pressures of 35.15 and 140.6 kg./sq.om. the following
relationship seems to hold good for tandem sprays,

E a (?)00455
Por a single nozzle, it was shown in Chapter 7
(Pig. 7.8) that an approximate relationship of the type

2 a (P)Ooi’»e‘j
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was found to exist for the whole range of pressures.

' The value of index (0.455) for tandem sprays 1is
much nearer to (0.5), which would tend to confirm the
hypothesis that the increased dust suppression at increased
pressures was mainly due to the inoreased water flow rate
and hence one should expect the dust suppressing effiociency
to vary as the square root of the applied pressure,

The relationship between the Overall Flow Number of
the tandem sprays and the number of nozzles used in tandem
was eshown in Table 8.1 to be approximately linear. The
Flow Number inoreased by about 0,094 for every additional
nozzle (No.l) in tandem. The effect of the number of
nogzles in series on dust suppression efficiency is
illustrated in Pig. 8.4, It is interesting to note that
the rate of inorease in dust suppression efficiency with
additional number of nozgles in tandem was higher for
pressures above 70,3 kg./sq.om. than for pressure lower
than 70,3 kgo./8qo.om. As was the case with the single
nosgle, the maximum dust suppression efficiency was
seemingly effected at about 140.6 kg./sq.cm. (2000 p.8.i.g.)

whatever the number of noggles in tandem,

with tandem sprays: It was clear from the foregoing
discuesion that there was a significant inorease in dust
suppression efficiency with small nossles in tandem, without



FIG.8-4.EFFECTS OF SPRAY PRESSURE AND NUMBER
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excessive water usage. Fig, 8.4 also indicated that the
maximum dust suppression was effected at 140.6 kg./sq.om.
and the rate of increase of dust suppression for every
additional identical nozzle (nozzle 1 Hollow cone) in
series was about 6.5 per cent.

Now, a graph conmecting the throughput of these
tendem sprays at 140.6 kg./sq.cm, and the dust-suppression
effioiency showed an approximately linear relationship for
the range of up to four nozzles in tandem (Fig.8.5).
Unfortumtelj the 'capaoify of the water pump prevented
more than four nozzles being tested at this pressure, If
and when & large pump becomes available this study should
be extended to a larger number of nozzles to see how far
this linearity extends. Were it to extend right up to
a 100 per cent efficiency of dust suppression for sprays
at 140.6 kg./sq.cm., as is shown by the dotted portiom of
the line in Fig. 8.5, a total throughput of 3.58 litres/
minute of water sprayed through ten identical noszles
(noszle 1) in tandem at 140.6 kg./sq.ocm. would be required
to achieve 100 per cent dust suppression. Since it is
quite possible that the linearity does not extend to 100
per cent dust suppression, & larger mumber of nossles
may well be required in practice. Further experiment is
required to test this point.
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Dust-water ratios: The dust-water ratio, whioh is

expressed as the number of dust particles removed per
one ¢.C. of water sprayed, was calculated for all the
tandem sprays and for all the spray pressure ranges and
the ratio was plotted against the water throughput, as
shown in Pig. 8,6, | '

'As'was the case with the single nozzle spraying, a
stféight‘lins with a negative gradient can be drawn through
these points, The dust-water ratios are always found
highér for lower pressures and throughputs and the ratio
steadily decreases with increase in spray preasure and
water throughput, This indicates that whatever be the
nature of spray, there ies always at higher spray pressures,
a sacrifice of the dust-water ratio to achieve greater
dust auppresaibn efriciehcy,

It is also possible that a higher dust-water ratio
at lower pressure may be attributable to the larger number
of relatively larger droplets being produced by the sprays
under these conditions, which would increase the probability
of collision with dust particles., Consideration, however,
of the line drawn in Pig, 8.6 will show that it is virtually
a line of constant water pressure covering the range of
nozzles used, This would suzgest that the phenomenon of
reduced dust-water ratio at elevated water pressure is
primarily a throughput effect. Extra water droplets are
being produced which are not as efficiently utilised since
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they pass through a path already partly cleared of dust
particles.

Comparison with the dust water ratios resulting
from increasing throughput through increase in nozgle
diameter indicates that water is being more efficiently
utilised in the tandem spraying technique,
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Q. GENERAL, DISCUSSION AND CONCLUSIONS

The precise mechanism of suppression of airborne
dust by spray droplets is somewhat complicated. It is
generally postulated that the 1liquid droplets strike the
dust particles and actually wet them, thus enabling the
particle to peﬁefrate into the droplets, This wetting
action would cause the "captured" dust particles to settle
rapidly, by virtue of the increased size and weight.
rerre1(111) suggested that the dust suppression may also
be attributable to the mechanical sweeping action of the
descending droplets which might bring down particles of
size, too small to be efficiently wetted.

In the case of particulate matter difficult to wet,
such as the coal dust used in our experimenta, the capa-
bility of the droplet to capture the particle is reduced,
because of the high interfacial tension between the droplet
and the dust particlepvthe entry of the particle into the
drop being resisted by surface tension forces.

Considering the impact and penetration of a liquid
droplet by a spherical non-wettable dust particle, the
minimum velooity of the droplet required for penetration
oan be theoretically calculated, neglecting any induced
mass effects associated with the impact and assuming that
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the deformed surface of the drop conforms axactly to the
shape of the embedded eurface of the particle.

As penetration proceods9 work 1o done against the
surface tension force, at the expense of the kinetic -
energy of the particle, The particle can thus enter the
drop, only if its incident kinetic energy is suffiocient
to allow it to penetrate to such a depth that the drop is
able to close behind it, viz, |

Kinetic energy 4. work required to be dome by the

'(KoEo)_" pérticle against surface tension

£%naly, voso (1)

Pemberton(llz) deduced that the particls will be
assumed to be captured and retained by the droplet, when
the velocity of impact is suoch that its component normal
to the surface of the drop is greater than the value,

given by 1
8" /2

psoap
The velocity required for penstration will, no doubt,
increase with the angle of incidence of the particle with
the droplet and also with the approach to equality of the

masses of particle and drop.



138,

The average droplet size of high pressure sprays
(30 - 200 kg./8q.cm.) ranged from 60 to 100 microns in
our experimentsa The average diameter of the particles
in the experimental cone dust was found to be 1,57
microns, as sampled by the thermal procipitatoru and
2:43 m:lcrons9 as sampled by the saliqylic acid filter.
A wvalue of 2 microns for the particle diameter was taken
to caloulate the minimum velocity required for the
penetration of droplet by dust particle, considering in
. turn water (of surface tension .. 72.75 dynes/om.) and
other surface active agent solutions of surface tension

60, 50 and 40 dynes/om. The vdlues are tabulated in

Table 9:1.
Table 9,1
Theoretical minimum velocity of droplet for penetration
Surface tension of
liquid sprayed 72.75 . 60 50 40
- dynes/om.
Minimum velocity of
droplet. 1509 1370 1250 1119
cmo/seco

It is thus seen that a reduced surface tension of
the liquid sprayed (provided the droplets from the liquid
2180 have the same surface tension values at equilibrium)

requires lower penetration velocities for impact and
capture of similar dust particles.
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éompariaozi of this table with Table 6.3 will
show that much larger values of theorstical initial
discharge velocities of water droplets were available,
even at a low pressure of 35.15 kg./8q.cm., with the
“solid cone Nozzle 1, For example, at 35,15 kg./sq.om.
the theoretical initial axial velocity of the water
droplets is 5,640 cm./sec., and this ie almost four
times the theoretical minimum velocity of droplets
roqd:l.red for penetration and capture of dust particles.
Thus it is evident from theoretical consideration, that
the initial velocity of the dropleta at the high-pressure
ra.nges at which our experiments ware oarried out, far
exceeded the minimum velocity required for penetration
of water droplet by the dua'.t:. particiéo Owing to the
d@oeierating efre'ct' of the air on the water droplet this
high i.nt:\.al value 19 of course only maintained over a
relatively ahort portion of the droplet flight and the
low values of dust suppression obtained .‘m practice
indicate partly that the discharge velocity must drop
very rapidly. There may also be a conadderaﬁble amount
of bounoing off the dust particles after impaotion due
%o the grazing angle of incidence of the 'difoplat with
the dust partiole. ,-
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Adhesion tension is another important factor in the
complete wetting and capture of coal dust partioles, This
force of attraction between the molecules of the dust and
those of sprayed liquid, is required to be high to cause
the droplete to adhere to the dust particles and to cause
flocculation, thereby increasing the mass of the combined
particles and causing them to fall. In adhesion tension,
there are three forces to be considered -~ the air surface
tension of the solid, the air surface tonsion of the liquid
and the interfacial tension between solid and liquid., When
the droplet is placed in contact with the solid particle,
it spreads unti) it reaches equilibrium. Any point at the
edge of the droplet is then subjected to these three forces
and the adhesion tension of the liquid on the solid is
given by the difference between the surface tension of the
801id and of the interfacial temsion of the solid end 1liquid,
i.e,

Sa =% "1"1 =V, .Co8

and thus reduction of the surface tension of the sprayed
liquid should provide an inorease in adhesion temsion
between the droplet and the particle and hence inorease
"wettability", |

In practice, as was seen in 7.4, there was generally
only a slight (often insignificant) increase in dust
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suppression effioiency produced by spraying surface active
agent solutions, With Pixanol ¢ of surface tension

40 dynes/cm., the effiolency inoreased by a maximum of
about 6 per cent, as compared with water sprays (59.05%
and’ 53.58%), It is perhaps worth noting, however, that
the solution of Fixanol C which gave a surface temsion of
40 dynes/om., was very dilute, having a concentration of
only about 0.04 gm, of surface active agent per 100 ml. of
water, ’

The ultimate action in wetting is to achieve rapid
spreading over the surface of the dust partiole. Three
types of wetting have to be considered in the estimation
of wetting power ~ "contact" wetting, "immersional® wetting
and "spreading® wetting. The tendenocies of coal partioles
to be wet by and adhere to liquid droplets have been
disoussed by Owings,(110)

The small increase of dust suppression effioiency
‘when spraying surface active agent solutioms of low surface
tenaion may only be attributable to spreading or creeping
wetting., The change in free surface energy in spreading is
equal to the sum of 'I:hel s80lid-1iquid interfacisl temsion
and the surface tension of the liquid minus the surface
tension of the solid, viz,.

114.11-7. o ‘)’1- Sa
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and the lo0ss in free Qhargy is

Sa -'\'i = ¥, (Cos a ~ 1)

The added wetting agent reduces the surface tension
of the liquid and hence the angle of ocomtact of the droplet.
The smaller contact angle, the greater is the spreading
rate, The results in Tables 7.3, 7.4 and 7.5 indicate the
rate of spreading, as characterised by the dust suppression
efficiency, and as influenced by the nature or type of
surface active agent, It would appear that a cationic
wetting agent may spread more quickly over the surface of
the dust particle than the anionic type and the nom-ionic
type. This last would sppear to be cnly slightly better in
wetting power than pure -vataro

The omoiéncy of dust suppression obtained in aoctual
practice, by. spraying surface active agent solutions,is not
a8 high as might de oxpootodﬂ ﬁooauso of one or more of the
following reasons, for which quantitative measurements
could not be easily made:

(1) lLoss of "contaot wetting” end "immersiomal or
capuiary wetting® powers of the sprayed liquid, due to its
~ lowered surface tension. The tendency to wet by contaot is
‘measured by*(,(Cos a + 1) and hence, addition of surface
active agents to water would tend to decrease the comtact-
wetting power of the liquid, sinoce the contact angle is
lowered, |
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Immersional wetting becomes important, in suppressing
porous particulste matter such as coal, by aprayso Coal
has a high adsorptive pcnrer for air; as the ratio of the
surface area to the mass of the partiole increases, the
greater is the adsorption. Therefore, to wet extremely
fine partiocles of coal dust, the adhasioﬁ tension for water
must be eufficiently great to work through the film of air

~ on the surface of coal dust. The tendency of immersional

wdtting to ocour is measured by "(1; Cos a. Lowering of
the surface tension of the liquia would thus appear to

| reduce immersional wetting

(11) Higher value of ‘dynamic’ aurface tension of
liquid sprayed. It was shown by nunter“’) that reduced
surface tension of the spray solution was not effeotive in

- inoreasing the ‘atomisation®’ of sprays at higher pressures.
: 'teh:la appmnt failure to produoc finer sprays ‘of lower

Average Droplot Size by surraeo active agenta night possibly
indiocate that a value of synamic surface tens:ton, intermediate
between fho values at the instant of formation of the new
aﬁrraoo and at oquil‘ibrim adsorption of surface active
agent, may be operative for the sprays. The new surfaces
are formed too quickly for adsorption of the surface active
agent to be oomplete and hence the static surface tension
of the sprayed droplet is not actually to be taken as the
surface temsion of the solution.
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(i41) Besides these characteristics of spray
solutions, other factors in the actual collision process
between the liquid droplets and the dust particles, such
as the deformation of spray oone; may also contribute
towards the low inoréase in dust suppression efficiency
obtained by spraying surface active agent solutions.

Another useful theoretical attack om the problem of
dust suppression by water sprays may be made through a study
of the fundamental dynamics of the collision process between
the dust and the sprayed droplets.

Por convenience in such a theoreticsl treatment of
the hydrodynamic capture of particulate matter, an idealisa~
tion of a system of small aqueous droplets encountering a
cloud of smaller duet particles is made by considering the
relative motion of only a single liquid droplet and a single
dust partiole in air, Both the bodies are assumed to be
spherical and the watexr droplet is considered to be appreciably
larger than the dust particle, so that the flow pattern under
consideration is that of the air and the dust partiole around
the water droplet. [For the range of our experiments carried
out at high spray pressures, the average droplet size can
be taken as 80 miocrons, and the average particle diameter
of dust in the wind~tunmel can be taken as 2 microms].

The dust particle, in this ideal system, is assumed to
be 8o small that it does not affect the flow pattern of the
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stream, It is also assumed that the apparent weight of
the partiocle is negligible compared with the viscous foroce.
Since the Reynolds number of such a particle is very low
(less than unity), the drag of the fluid on 1t is given by
Stokes' law, The water droplet has a motion relative to
the dust-laden air, by; virtue of being sprayed from a
pressure nogzgles but it is convenient to reduce the
relative motion of the dust particle and the droplet to
the motiom of the partiocle in the air stream flowing around
a statiomary droplet.

In the epraying process, the ejected droplet will
sweep out through the air a tube of oross-section equal to
its dismeter and in so doing may ocapture, sweep against,
or sweep Just past the dust particle. Theoretically, it
is assumed that each impact results in a capture, but in
practice, bounoing can occur with a probability depending
on the relative wvelocity and the angle of incidence of eaoh
on the other.

The probability of capture of the particle by the
droplet depends upon the balance of viscous and inertial
forces acting on the particle as the droplet approaches
it. If viscous forces are neglected and only inertial
forces are considered, collision leading to capture will
occur if the dust particle lies within the tube swept out
by the water droplet. If the dust partiocle is given an
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effective diameter (the value of which may be teken ae
2 microns in our oase), the diameter of the tube has to
be inereased to allow for the diameter of the particle,
viz, an impact will ocour, if the minimum distance of the
trajectory of the particle from the droplet surface is
: equai to or less than the effective radius of the dust
.part:lcle} On the other hand, if viscous forces only are
- operative, the dust particle will temd to get ocarried
" away from the swept path of the droplet, along with the
(.i'eviated streams of fluid. In practice, the impact and
capture of dust particles is influenced by both viscous |
and inertial forces and collision efficiencies lie between |
gero and 100 per cent, |
A sketoh 1llustrating the grazing trajeotory of a

emall dust partiole for capture by a 11quid droplet in an
idealised system is shown in Pig, 9.1. It is assumed that
the particle and ‘the droplet will just collide, when the
particle trajéotory'a nearest approach to the droplet
_surface 1s half the effective partiole dismeter, i.e. dp/2.

_ If the fluid forces on the dust particle cam be
taken to follow Stokes' law and thus the magnitude of the
viscous drag on the particle to be linearly proportional %o
] the }'olativo velocity of the particle in the fluid, the
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equations of motion ca.n be wr:!.tton in terms of the

fluid flow pattern around the droplet and the equations |
of motion are shown, by dimensional anslysis, to depend |
on om ohamotoristic dimensionless group, known as the
"part:lole pa.rmter" K,

where K = 9( ) "'.' °'R°(droplet)

01‘ | - (P' ov )/(9 ﬂaonp)o

Since the velooity of the fluid dus to the flow pattern
round tho droplet is non-linear, the equatiom of motion
of the partiole are non-linear and hence their solutian
involves step-by-step plotting of eg'oh possible trajectory
of the dust particle, as it approaches and tends to be
swept round the larger sphere,

The trajectory, which corresponis to a grasing
collision, is found by trisl and error. This is the graszing
trajectory, whose distance of nearest approach to the droplet
surfoce is ap/z and whose distance from the line through the
centre of the 4roplet when still at larger distances from
the droplet is 'p‘c/z. The circular area corresponding to
the distance ”/2 from the centre :u.no of the droplet is
known as the “ocapture orou-uoti.cm" ’o s O, alternatively,
a8 the “oollection effictency” E,(“Tkhich 1a defined as
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E, = x (2 po/2 + p/?.)2 /% (D /2)2
(o + )%/ 7

It is the ratio of the number of partiocles striking
the droplet, tq.the mmber whioch would strike it, if the
stream lines were not denaoted around the droplet.

" A number of workers!66)(67)(68)(69)(70)(71)(72),.,
oonputed' values of E, 'in temi of K, notable among them
being Tangmuir and Blodgett(%6) ana Ponda and Herne(67),
who have evaluated particle trajectories and collision
effiociencies in viscous and in potentisl flow pattern
around droplets, Employing the diemeter of the droplet
as the un:l.t of longth, Fonda and Herne derived by a
oonputor toohn:!.que a dimensionless capture oross-section
(yo ) and plotted curves relating various nearest distances
of approach (rn) of the trajeotory to the centre of the
droplet for both viscous and potential flow, Colision
will take place where

Ty (d’ +Dp)/Dp

The fluid flow patitern, which is assumed to be
characterised by the flow of dust laden fluid round the
droplet, has & significant influence on the ocollection
efficiency. The latter is gemerslly smaller for viscous
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than for potential flow at equal values of K, because
in the former case, the fluid streamlines pass further from
the sphere due to the stagnation of the fluid at the surface.
In practice, the potential flow pattern is aj)proximtély
valid in front of the droplet, when the Reynolds Number of
the sphere i8 very large and the viscous flow pattern is
appropriate when this Re is very small. The analysis of
potential and viscous flow patterns around a sphere is
given by Iamb, (113) The flow pattern is oharaoteriud by
the Reynolds Number for the droplet, which is 1tselt 8
measure of the relative importa.noe of inertia.l and visoous
forces within the ﬂu:ldo

It is of .tnterest to determine the range of capture
orose-section coverod in the h:lgh pressure aquecus spray
work described here. The high pressure sprays (35,15 -
190,16 kg./sq.cm.) projected against the dust-laden air
stream from the solid .c'one Nozsle 1 Plug 1 (Chapter 7.2)
are considered for this treatment and using the data
provided by Fonda and Herne, the range of capturc cron-
aoot:lon is ocaloulated for the whole ranga of apray pressures
employeds making use of the experimental values of average
droplet sige at each spray pressure and taking a mean
effective particle diameter of 2 miorons., The results of
these calculations are shown in Table 9.2.



Table 9.2
Ramge of Particle Parameter K and theoretiesl collection

efficiencies for droplets from h ressure 8 8
(Plug 1 Nozzle 1)

Range of spray pressure coo 35015 = 190016 kg./sq.om.

Range of calculated theoretical .
initial discharge velocity ‘ ’
of 8sprays ooo 59640 - 139260 mo/'ﬁco

Counter—flow air vélbc;ity ooo 100 cm./sec,
Range of Renolds Number of droplets in air:
for Dp = 60 microns coo 243,5 ~ 56600
for Dp = 80 miocrons ooo 323,00 = 752,.5
for Dp = 100 microns eoo 40400 - 94005
Range of Partiole Parameter K (d, mean - 2 microns)
for Dp = 60 microns voo 29,65 - 68,95
for Dp = 80 mkorons so0 22,25 =~ 51,85
for DP = 100 microns 000 17085 - 41,45
Theoretical Capture Cross—-section qu
forrm = 1,033 ooo 100318 = 1,0520:
form = 10025 eoo 100030 - 100297
form = 1,020 do‘o 0098“.-8 - 1001‘5
heo 1 Collec ffioiency Eo¥
Potential flow Visgous flow
for Dp = 60 miocrons | 96,5 ~ 98.5 85,0 = 90.0
for Dp = 80 miorons 96,0 ~ 98,0 79,0 - 88,0

for Dp = 100 microns 9400 - 97.5 75,0 = 8600
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It may be noted from the table that the experimental
wind tunnel had a very efficient capture cross-section and
. therefore dust-suppression efficiencies, as high as the
theoretiocal collection efficiencies (75.0 - 90,0 per cent
for viscous flow and 94,0 - 98,5 per cent for potential
flow fluid patterns) should have been achieved by the sprays,
in the preasuro»rangé employed, The values calculated,
however, correspond to the initial projection velocity of
the spray droplets. On discharge againsf; the air streanm,
the droplets decelerate rapidly due to the resistance of
the air and come to a halt, before getting carried away
downstream with air. Under these conditions, the capture
oross—-seotion decreases rapidly and a caloulation of the
capture oross-section for a 80 micron droplet brought to
momentary rest in a counter flow of air noﬁr_ng at 100 om./eec.,
gives 1t8 value as low as 0,225. The mean capture oross
"section will then 1lie somewhere between the maximum values
given in Table 9.2 and this minimm value,

Walton and Woolcock(sa) made experimental measure-
ments of the collection efficiency of water droplets for
airborme dust particles of methylene blue over the range
:Dp 00,5 mm. to 2 mm,, dp 2,54 to 5.0u and droplet velooity
200 cm./sec, to 670 cm./sec, and compared it with theoretioal
predioctions given by Fonda and Herne., Their reasoning has
been adopted and modified to suit our experimental conditions
to enadle the calculation of dust suppression efficiencies
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resulting from the continuous spraying of a moving
dust cloud in the cylindricel wind tunnel.

If a small interval of time At is considered
during which water is aprayed in droplets of effective
diameter Dp (equivalent to the Average Droplet Size at
each spray pressure), at -a total volume throughput rate
of Qy and the penetration of the droplets is 8, the number
of droplets produced will be equal to

(0 a%) / (E2.%)

1r 7,2

the range of spray 8,
‘Bffeotive volume of air denuded of dust will be

is the average capture oross-section over

= (Qutt/ ED3) F2 (xD.%/4) 8

= 3Q, ‘ioaoAtos/z D,
Iet fhe' volume of air flowing through the tunnel in
the same time At be Q,.At
Thus fraction of the total dust removed
= (3 QeTo2obt8) / (2 DyoQqebt)
If An is the change in dust concentration effected

by spraying, the above relationship beoomes
88 o (3 u.7,2:0%8) / (2 DyuQy.nt)
Thus for a logarithmic diminution in dust concentration,

By = Bgeexp [( = 3 QuoFo 08) / (2 Dyeqy)]
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where no and n1 are t_he duat concentrations before and

after the apray respectively ‘
s
Hence 1oge (m/ny) -= (= 3 Q0¥,":8) / (2 D,cQ,)

or ‘19310(n1/n0} - .(—105 QpeTo2e8) / (2.3 npa,)

and nogele efficiency E = Bg ~ M) 100
T n
. 0

= [1 - (ny/np)]100.

From the experimental values of dust suppression
efficiencies, it is then possible to oaloulate the value
‘ 2 in the
wind tunnel and this can be compared with the value,
obtained from the particle parameter K using Fonda and
Herne's data (see Table 9.2).

of the actual effeotive capture cross-section 'io

The solid cone spray from Nozzle 1 Plug 1 at a
spray pressure of 140.6 kg./eq.cm. has been chosen to

1llustrate the calculations and the data appear in Table 9.3.

2
o

droplet of 65 micron dismeter under the same conditions
using Fonda and Herne's data, A value of 54.2 was obtained
for the particle parameter K, resulting in a value of 1.041
for the capture oross-section (yoz). It is important to
note that this value has been calculated from the initial
discharge velocity of epxﬁr droplets, whereas the valus of

The value for y.~ was also caloulated for the water



Wind~

Nozzle 1 Plugl  Solid conme Water spray

Weter pr- P = 140.6 kg./sq.om,

Water throughput = 0,964 litres/min.(Fig.6.2)

Average Droplet Sisze = 65,0 miorons (Table 605)

Adir Velooity - = 100 om:/sec,

Initial dust comcentration (n,) .= 1513 popooooo(!ablo 7.1)
Pinsl dust concentration (”1) 702 pPoPo0GoOo

Dust suppression Effiociency (E) - n!ﬁ = 53,58
« o

Spray cone angle = 40°

Q' = water flow rate = %i = 16,07 6.0./8ec,

Qp =oir flowrate = =, (18)% x 6.4516 x 100

= 16409 b < 103 °o°o/‘Qco

S = penetration = 9 x 2.54/8in 20° = %2;860
[

= 66,9 cms,

., logyq (702/12513)
= (=15 x 16,07 x 7,2 x 66,9) / (2.5 x 65 x 10™* x 16.49)
f.60 10gyy 04642 = (- 0,654 7,2)

° (=50 = (- 0.3333) / (0.654)

e o
or 5,2 = 0.5
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¥, calculated from the experimentel value of dust

suppression efficiency ie an overall average effective
value of capture cross-section in the wind tunnel, It can
be shown that the value of yo2 drop to 0.3, when a 65 mioron
droplet (A.D.S. at a spray pressure of 140.6 kg./sq.cm.)
comes to rest with respeot to the tunnel, Hence, if an

2 'ys taken over the range S, the

average value for y o
resulting figure for the effective capture cross—section
is ;_ggg_l, = 0,5205, which is very close to the value
caloulated from the experimental results on dust suppression
(0.51).

Thus it is seen that the experimental results of
dust suppression compare well with the theoretical collec~
tion efficiency oaloulation,

The experiments with tandem sprays, desoribed in
Chapter 8, provide an attractive rate of increase in the
dust suppression efficiency, as compared with single sprays.
The best system for optimum efficiency was found by
experiment to be four-nozzle tandem spraying at 14006 kg./sq.om.
The efficiency was found to increase by almost 20 per cent,
(48 to 68%) by the addition of three more nossles in tandem
and with a throughput of only about twice that of the single

8pray.
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CONCIUSIONS:
The average droplet sise of high pressure sprays

(in the range 35.15 - 210,6.kg./sq.cm.) varied inversely
as the (0028)th power of the spray pressure and hence &
non-dimensional relationship connecting the average
droplet size and the Reynolds Number of the issuing jet was
established as follows :

A.D.S. & - Re(=0-56)

This would enaole predictions to be made of average droplet
| size, for a particular orifice and a particular spray
pressure. | |

Generally, the dust suppression efficiencies obtained
in practice were not as high as might be expected. This
would indicate that the capture cross-section for the
droplets in the tunnel was considerably reduced, by the
rapid deceleration of the droplets and by the deformation
of the spray cone due to the resistance of oncoming dust-
laden air streams. Taking an average capture oross-section
at nearly one half the value makes the theoretiocal predio-
tions comparable,

The solid cone sprays gave about five per cent
higher efficiencies than hbllow cons sprays from the same
nosgle, Maximm dust suppression seems to have been
effected at about 140.6 kg./sq.cm. for all nozzles and
types of liquids sprayed, theraby suggesting an optimum
value of spray pressure for the best dust suppression
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efficiency with a minimum reduction in the dust-water
ratios. The dust-water ratios in general decrease with
inoreased water throi:ghput and hence, a balance was
necessary to be struck between the values of spray pressure
and duat-water ratios, for an optimum dust suppression
effioiency. | |

' The surface active agents in epray solution generally
effected a small inorease in dust suppression efficiency.
The oationic type - Fixanol C - of surface temsion
40 dynes/cm. gave the maximum efficiency of 59.05 per cent
with Nozsle 1 Plug 1 s0lid cone - about 6 per cent higher
than that for water eprays with the same nozzle. The
anionic and non-ionic types were in deoreasing order of
merit, though all three gave generally slightly higher
figures for dust suppression than pure water. Nevertheless,
the utility of these agents, to effect just sbout 6 per
cent inorease in dust suppresaion efficiency, is questionable
on economic considerations, |

The dust suppression efficiency was found in practioce
to decrease rapidly with inocrease in air velocity. One
shoudl theoretically expect an increase in dust suppression,
sinoe increase in air velocity inoreases in turn the
relative velocity between the water droplet and the dust
particle and slso the turbulence. However, due to the
deformation and reduction of spray cone at higher air
velooities, this decrease in efficiency is mainly attributabdle
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to the fajlure of tﬁe‘ dropiete to impact on the dust
particle and hence to the 'by-passing of a proporfion
of the" dust particles _paat the spray without colliding
with the droplets. |

Togerithmio relationships were found to exist !
between the spray preéeure and dust suppressing efficiency !
and also between the surface tension and dust suppressing |
stfioianéj at the high pressure range (35.15 - 210.6 kg/sq.om.)
The dust aupxi;resaliqn"effioienoy ‘under these experimental
conditions, ocould be represented as & function of the sprey

pressure and surface tension of sprayed liquid as follows :-

E = ke (P)°o455° (.ﬁ)"’OolZ

It was also found from experiments with different
nosgles, that the spray pressure played a more important
part in effecting dust suppression than the amount of water }
sprayed. .

The results also indicated that high pressure sprays |
did not appear to be selective in suppressing any partioular
sise-range of the dust particles from the air. The size
distribution of the dust particles remaining in the air was
found almost the same as thet determined before spraying.

In generasl, the dust suppressing efficiency was found
to inorease linearly with increase in the water throughput
of the spray and this is evident from results quoted in 7.5,
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Tandem sprays showed a gfeater dust suppression
efficiency with little increase in throﬁghput of spray.

The maximum dust suppression efficiency was seen to be
effected at a spray pressure of 140.6 kg./eq.cm. and at
this pressﬁre was found the best rate of increase of dust
suppreséion efficiency with number of nozzles added in
tandem and hence with increase in throughput. As compared
with a single spray at 140.6 kg./sq.cm., 8 4 nozzle tandem
spray required only twice the throughput at a gain of about
20 per cent in dust suppresaion‘éfficiencyo '

This amounted to 8 rate of increase of about 6,0 per
cent in dust suppression efficiency with one of every
additional nozzle in tandem spray,

The trend of dust suppression effected at 140,6 kg/sq.cm.
with tandem sprays suggested that almost 100 per cent dust
suppression in the tunnel may be possible with a tandem spray
system at 140.6 kg./s8q.cm., and utilising about 10 nozzles
(Nozzle 1 Hollow cone) in tandem at a minimum throughput
rate of 3,58 litres/min, This hypotheticsl value is of great
interest, in that such values of dust suppression efficiencies
cannot be effected by a single spray nozzle, due to the
reduced capture cross-section of droplets as the air
resistance decelerates them., It alab underlines the fact
that better dust suppression could be effected by a series
of small diameter nozzles in tandem, rather than by a single

larger diameter nozzle,
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Suggestions for future work.

(a)

(v)

(o)

(a)

(e)

The effect of aqueous sprays of constant droplet

size on moving dust clouds of constant partiole sire
should be studied., This would enable one to find the
optimum value of droplet size, if any, for the most
efficient capture of dust particles of a partiocular
size, The constant droplet size could be achieved dy
a rotary cup atomiser., '
E:périméntal investigations should be made of the
velocity of water droplets within a spray over the range
from initial ejection to the limit of experimental
penetration. This would enable suitable practical
values of average capture cross—section to be obtained.
The new dust-feeder, described in Apprendix 2, could be
developed more fully, with instrumentation for measure-
ment of pressures, so that a more acourately reproducible
range of dust concentrations could be studied in the
tunnel.

Radial sprays, projecting a thin screen of spray-
liquid-barrier across the section of the tumnel, oould
be studied.

Other arrangements of multiple sprays should be studied
in the tunnel.
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Air-borne dust flowing in the wind turmel had been
sampled, simultaneously, through gravimetric salicylic
acid filters and by thermal precipitators and their dust-
_counts compared in Chapter 5. It was felt that am
independent cheok should be made of particle sise of dust
fed to the dust-machine hopper and this was done using
the I.C.I. sedimentation apparatus, which is a modified
form of Andreason Sedimentation pipette. (See Fig. A.l.l).
_ The Sedimentation pipette consisted of two glass
tubes equipped at the top with stop cooks and encased in
a water jacket to prevent temperature veriation, There
was an outlet at the foot of one of the tubes and a side
arm above this led off to the foot ot the other glass tube.

A 2% Sodium oitrate solution was used to completely
£111l the clear water reservoir and £111 two-thirds the
sedimentation tube. About 0.3 gm. of the sample of
experimental dust was then aocurately weighed out,
moistensd with & 1ittle glycerol and dispersed in about
10 ml, of the oitrate solution. A pipette was used to
place this suspension in the settling tube and sn air
current introduced to obtain even distribution and
pi'ovont sticking to the wall 6! the tube,




FIG.A11-1.C.1. SEDIMENTATION APPARATUS
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By manipulating the taps on the top of the tubes,
clear 14.qu1d was passed from the reservoir to the
sedimentation tube via the side arm and, after a final
air injeotion to restore uniformity, the test was started.

During the run the tap on top of the sedimentation
tube remained closed, while that an the clear liquid
Teservoir remained open, Thus when a sample was taken by
releasing the spring olip at the outlet, the liquid flowed
from the reservoir vie the outlet, carrying with it the
partioles which had settled out with the minimum of
disturbance to the 1iquid in the sedimentation tube.

. Inoremental samples were taken at ocaloulated
intervales and the results computed assuming hydrodynamio
similarity of dust partioles and obedience to Stokes' Iaw,

! 2
Ve = by = godp (pg - pl) /18 n
This equation was used to caloulate the time of

settlement of a particular range of particles, and in
appropriate units, it reduced to

t =

For this determination, the mean pearticle dismeters
were arranged in a /2 : 1 starting from 89 microns
(76 - 106u), so that the sampling times would beocome
oonvenient multiples of 't°., ¢ was found to have & walue
of 302 seconds, at the end of which the sample withirawn
would have a characteristic mean diameter of 89 miorons




gable 4.1l
Sige"~ distribution of experimental coal dust

by Sedimentation method,

Sise range ll:an ::o of m;uo wti llootorl No.
sise oremmJ of sample | particles
miorons | ysarons| gms. gns. x 10 %

106 76 | 89,0 | 0.2444 | 0.1577 | 0,33 0,010
75,99 ~253 | 63.0 | 0,0867 0.1183 | 0.7 0,021
E3099-37os 44,5 | 0,0551 0,0543 | 0,953 0,026

-49-26.5 | 31.5 | 0,0559 0.0804 | 4.0% 0,120
R6.49-18.8 | 22.2 | 0.054 | 0.0428 | 5.59  |0.166
18.79-13.2 | 15.7 | 0,0200 0.,0197 | 7.14  |0.,211

B3.19~ 9.4 | 21.1 | 0.0205 | o0.0261 | 315 {0,954
9,39~ 6.6 | 7.9 | 0.,0125 | 0.01118| 28,0 0.83
6.59~4.69 5.6 | 0.0034 -~ - -
4.68- 3.3 |  3.79 | 0.008 0,0118 | 286.0  |8.48
3,29~ 2.4 | 2.86 | 0.0042 | - - -

< 2,39 - 0,017 - 0,0154 | 3010.0 88,40

* wgige" in hydrodynamio similarity refers to the dismeter
of a sphere having the same density and Stokes’ law terminal

velocity as the particle,
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and then samples were colle cted at intervals of 2t, 4t,
8%, etc, These were collected in numbered tubes and the
weight of coal particles present was found by centrifuging
and drying to constant weight. The relationship between
the true weights of dust samples in particular sise ranges
and the measures had been derived by Stairmang114)

The results are shown in Table A.1l.1 and the summary
is given in Table A.1l.2.

able 2

Size range <3.29 p 3029 = 6,59 p|> 6.59 u| Total
miocrons
Number percentage | 88,40 8,48 3,12 (100,00

Size frequency

These results should be compared with the dust sige~
ocounts of samples actually taken from the dust-laden air
streams in the wind tummel by means of thermal precipitator
and salicylic acid filter. (Table 5.2). The number perocentage
in all size ranges seem to agree quite closely, g:lﬂ:ng
allowance for errors in sampling.
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It was found in practice that the dust feeding
machine used in our experiments for injecting dust into
the tunnel (see 2.2:1) was not very effective in achieving
exactly repeatable dust concentrations, since its action
depended on the dust groove being completely £11led with
dust, by the scapers. The position of the scraper and the
clearance between the dust-disc and the hopper were also
found to have an influence on the filling of the dust~groove
and consequently on the dust concentration in the tunnel.
Hence a new dust feeding machine was developed, which would
glve more predictable dust concentrations and which depend
less on manual adjustments of the apparatus,

The new machine, built of glass, is shown in Pig. A.2.1
and was found to give a more repeatable dust conoentration,
which could be varied over a wide range. It is in fact a
modified form of the apparatus described by Shale, (115)

- The feeder was of the counterflow pulsating type, which
injected dust into the gas stream, The dust-bed was kept
20 cms. high, while the air-inlet and dust-outlet nozzles
were 4,0 mm, and 2.5 mm., in diameter respectively. The
pulsating air supply was obtained from the exhaust of a
vacuum pump, which maintained a pressure of 15 cm.w.g. A
constant frequency of 800 impulses of air per minute was



FIG.A2:1.A NEW DUST FEEDER
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employed during the experiments, It is possible that a
variation in impulse-frequency would affect the dust feed
rate. S )

The pulsating air was admitted to the feeder at a
‘controlled rate through the orifice just above the level of
dust~outlet nozzle, In practice, it was found necessary to
include a filter or oil-trap in the passage of the pulsating
air, to remove any oil droplets that might be carried with
the air from the pump.

' At each impulse peek, a emall quantity of the carrier
air flowed up through the dust-outlet nozzle and the dust
bed and esocaped through a dleed-air tube above the dust bed.
At the low-pressure point in each impulse, the air flow
through the nossle reversed and a small inocrement of dust
was entrained by the pulsating carrier-air stream into the
tunnel-axis. Thus there was an intermittent discharge of
dust from the outlet nozzle. Since the inorements of dust
were small, the dispersion was virtually continuous. As
this injected dust was ocarried forward along the length of
tunnel by the turbulent air stream from the centrifugal fan,
the dust was well dispersed,

. The new dust feeder was set in position, to inject
dust along the axis of the tumel and test runs were oa.rﬁed
out, to f£ind the dust concentration along the length of the
tunnel, at air velooities of 100, 250 amd 500 cm./sec.
Allowing scme time to reach steady conditions in the tumnel,




FIG-A2:2. NEW DUST FEEDER : EFFECT OF AIR VELOCITY

ON DUST CONCENTRATION IN TUNNEL
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simultaneous dust sampling was carried out at each of

these three air velocities by means of thermal preoipitators.

The dust concentrations obtained are shown in Table A.2.l.

Table Ac2.1
Dust concentration in the tunnel from the new dust
-  feedeyr - ‘
Air Velocity Dust concentration p.p.G.c.
ft/min.| cm/sec.| At T.P.1 | At T.P.2| Difference
200 100 11602 11638 36
500 250 1250 1272 22
100 500 582 583 1

This would indicate a linear relationship between the
air veloocity and the dust concentration in the tunnel, for

this partiocular dust feeder,

This is illustrated in Pig.

A:2,2, Hence it is possible to predict the dust concentra-

tion in the tunnel for any particular dust feeder employed.
Dust~feed rates would however be increased, by
reducing bleed—-air rates or increasing operating pressures.
larger orifices in the air-inlet and dust outlet nozsles and
shallower dust-beds would also inorease the dust-feed rates,

Calibrations for different set of nozzles and operating
conditions would prove highly useful, in selecting the
dust-feeding apparatus, for any required dust-concentration

range.
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(1)

SIMMARY

This afudy is concerned with the capture of
airborne dust particles by sprayed liquid droplets,
with particular reference to the airborne coal dust
encountered in mining practice. The particle size rango
0.5 « 5,0 microns, of physiological importance in causing
occupational health hazard, has been investigated,

The significance of duets and their harmful
particle-size and concentraticn are discussed and the
incidences of coal-miners’ pneumoconiosis and existing
methods of dust suppression in mines zre surveyed. The
general mechanism of liquid spray formation from nozzle:
is investigated and the theoretical probability of capture
of dust particles by spray droplets is discussed.

Experiments on duet suppression were carried out on
moving dust clouds in a wind-tunnel of 45.72 cm, (18 in.}
diameter and 20 metres (65 £t.) long, under controlled
conditions., Dust clouds, of concentrations in the range
300 and 3000 p.po.C.C., Were produced uaing Hattersley's
laboratory type dust generator. A three-throw
reciprocating pump provided spray pressures up to about:
210 kg./sq.cm. (3,000 po8.i.g.) and the spray nozzles were
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operated at the axis of the tunnel against the flow of
dust-laden air. Simultaneous dust sampling was done by
two thermal precipitators located ahead of and beyond the
spray noggle.

Distribution of air velocity in the tunnel was
studied and modifications in the tunnel were made to
straighten out the air flow, The effeoct on air flow
pattam of baffle plates suitably placed in the tunnel is
illustrated in the form of iso-velocity ocurves,

Distribution of dust concentration in the tunnel was
studied with salicylic acid filters and the rate of decay
of dust concentration with distance along the tunnel was
found to be constant. The probable mechanisms of dust
fall-out are discussed.,

A system for counting the thermal precipitator dust
slides using a five~channel Automatic Particle Counter and
Sizer was developed and an analysis of variance for the
machine was made,

Simul taneous dust sampling by thermal precipitator
and salicylic acid filter was carried out in the tunnel
and a correlation factor was derived on the basis of

proportional number percentage sige frequencies in both
the samples, | ’
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Measurment of Average Droplet Sige was carried out
for water sprays in the range 35,15 - 190,16 kg./sq.om.
(500 - 2,750 p.8.1.8.) using a solid cone spray nossle
and the relationship

A.D.S. a P('°°28)

was obtained, A funotional non-~dimensional relationship
was also derived between the characteristics of the spray
and the Average Droplet Size.

The dust suppression work was mainly ooncerned
with emall high pressure spray nogzles and the following
issues were brought to focus: The effects on the efficiency
of dust suppression of,

(a) hollow cone and solid cone spraying,

(b) high spray pressures,

(¢) surface tension of sprayed liquid,

(d) counterflow air velocity, and

(e) a tandem arrangement of spray nozzles.

The effect of spray throughput on dust-water ratio
was also studied. Solid cone spraying was found to be
about 5 per cent more efficient than the hollow cone spray
for the éame nozgle, Maximum dust suppression was effected
at 140.6 kg./sq.cm. in both the cases. (53.58 per cent
and 48,5 per cent),




(1v)

Surface active agent solutions were found to give
only a small inorease in dust suppression efficiency, BE.
The wetting power of different types of surface active
agents is discussed. A relationship was obtained
between the efficiency, spray pressure and the surface
tension of the sprayed liquid.

Tandem spraying was found to give the best dust
suppression efficiencies without much increase in water
throughput. The rate of inorease in E with number of
spray nossles in tandem was found to be maximum (about
6.5 per oent) at 140.6 kg./sq.om, :

An increase in air velocity resulted in a rapid
decrease of E. The rapid deceleration of droplets on
discharge into the gaseous medium, ite lowered efficacy
of impact on dust particles and the consequent reduction
of the "capture cross-section® are discussed.

The dust-water ratio was caloulated for all spray
pressures ani nogzles employed and was found to generally
decrease with inorease in throughput.

The sprayed droplets did not appear to be selective
in suppressing any partiocular size-range of dust partioles.

An improved type of dust feeding machine was put
into operation and is discussed in the Appendix,



