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(i)

SUMMARY

This study is concerned with the capture of 
airborne dust particle© by sprayed liquid droplets9 
with particular reference to the airborne coal dust 
encountered in mining practice 0 The particle size range 
0o5 - 5o0 mi crons 9 of physiological importance in causing 
occupational health hazard9 has been investigated0 

The significance of duets and their harmful 
particle-size and concentration are discussed and the 
incidences of coal-miners0 pneumoconiosis and existing 
methods of dust suppression in mines are surveyed 0 The 
general mechanism of liquid spray formation from nozzles 
is investigated and the theoretical probability of capture 
of dust particles by spray droplets is discussedo

Experiments on dust suppression were carried out on 
moving dust clouds in a wind-tunnel of 45o?2 cm0 (18 in*,) 
diameter and 20 metres (65 ftG) long0 under controlled 
conditions o Rust clouds 9 of concentrations in the range 
300 and 3000 PoPoCoCo* were produced using Hattersley"a 
laboratory type dust generator A three-throw 
reciprocating pump provided spray pressures up to about 
210 kg0/8q0cm0 (3^000 p0soiog0) and the spray nozzles were



(ii)
operated at the axis of the tunnel against the flow of 
duet-laden aire Simultaneous dust sampling was done by- 
two thermal precipitators located ahead of and beyond the 
spray nozzle0

Distribution of air velocity in the tunnel was 
studied and modifications in the tunnel were made to 
straighten out the air flowQ The effect on air flow 
pattern of baffle plates suitably placed in the tunnel is 
Illustrated in the form of iso-velocity curves 0

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 0 The probable mechanisms of dust 
fall-out are discussed 0

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 made0

Simultaneous 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 size frequencies in both 
the sampleso



(iii)

Measurment of Average Droplet Size was oarried out 
for water sprays in the range 35®15 - 190016 fcgo/sqocnio 
(500 - 2P750 p«Sologo) using a solid cone spray nozzle 
and the relationship

AoBoSo a p(-0»28)

was obtained o A functional non-dimensional relationship 
was also derived between the characteristics of the spray 
and the Average Droplet Size0

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

(a) hollow cone and solid cone spraying p
(b) high spray pressures 9
(c) surface tension of sprayed liquid *
(d) counterflow air velocity® and
(e) a tandem arrangement of spray nozzles0
The effect of spray throughput on dust-water ratio 

was also studied o Solid cone spraying was found to be 
about 5 per cent more efficient than the hollow cone spray 
for the same nozzle o Maximum dust suppression was effeoted 
at 140o6 kgo/sqocmo in both the oases0 (53o58 per cent 
and 48<>5 per cent)0



(iv)

Surface active agent solutions were found to give 
only a small Increase in dust suppression efficiency p Eo 
The wetting power of different types of surface active 
agents is discussed 0 A relationship was obtained 
between the efficiency9 spray pressure and the surface 
tension of the sprayed liquid o

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 nozzles in tandem was found to be maximum (about 
6'o5 per cent) at 140o6 kgo/sq0cm0

An inorease in air velocity resulted in a rapid 
decrease of Eo The rapid deceleration of droplets on 
discharge into the gaseous medium* its lowered efflcaoy 
of impact on dust particles and the consequent reduction 
of the "capture cross-section" are discussed0

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 size—range of dust partioles0 

An improved type of dust feeding machine was put 
into operation and is discussed in the Appendixo
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lol Definition and Significance of duata Industry
The generic term ’aerosol®’ was coined by Professor 

FoGo Donnanv 9 towards the end of the first World War to 
cover all the various disperse systems in air# such as 
dusts# smokes# fumes and mistsQ Dusts# in a colloid sense# 
consist of solid particles,, dispersed in a gaseous medium 
as the result of the mechanical disintegration of mattero

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 submioroscopic 
to the visible and those larger than 76 microns in diameter 
are defined as ’grits’ by the British Standards Institution^^ 
(1 micron (lp) ** 10~̂ mm<>)o Generally ’settled’ dusts are 
above 20\i in diameter# while the lower range of ’air-borne’ 
dusts may well extend into submioroscopic region. The 
percentage composition of air-borne dusts is liable to differ 
from that of the parent substance# on account of differential 
disintegration and selective settling of the dispersed 
p a r t i c l e s S o m e  pathologists prefer to include ’fumes' 
in the category of ’dusts ’ "to designate a pathological 
entity",since fumes are also solid particles# mostly 
generated by the condensation of vapours of solid matter



20
after volatilization from the molten state * Fumes, 
however, are usually below lp. in size and in contrast to 
dusts, they often floceulate vigorously, A general classi­
fication of aerosols is given in Sable 101 with particular 
reference to the size range of dusts and spray droplets 
used by the author in the work which led to this thesis.

Busts from Industrial atmospheres may require to be 
suppressed or recovered for the following reasonss~
(1) Certain dusts, notably metallic powders and organic 

dusts, may cause violent explosions, if they are 
present in appropriate concentrations in a i r , ^ ^ ^  
This explosion hazard owes itself to the lnoreased 
rate of oxidation and chemical activity, which result 
from an increase of surface area per unit volume with 
reduction of particle sleep In a coal-pit, dust 
concentrations greater than 50 grams/cUomo are

(Q)considered dangerous pv '
(2) Fine air-borne dusts (size less than 5p) contribute 

to unhygienic working conditions and are the cause 
of many occupational diseases, leading progressively 
to total disability of the worker 0 This disease of 
the lung produced by the Inhalation of dust is given 
the general name "Pneumoconiosis"w ' 0 Busts, known 
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 dusts such as eottan and 
bagasse, and other • organic11 dusts sueh as graphite 
and coal.*4^ 10*

(3) The dust may be valuable, sueh as potash from the
blast furnace gases, pulverised eoal from flue gases 
of industrial boiler plants, eement from the cement 
kiln gases, and the catalysts from the craoking plants 
of oil refinerieso

(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, 
cure discussed In the present worko

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. Z e n k e r u s e d  the term 
"pneumonoconiosis" (compound of two Greek words 'pneumon' 
and 'oonis', meaning 'lung' and 'dust' respectively) in 1866 
to describe these dust-dlseases and this was shortened to 
'pneumoconiosis' by P r o u s t i n  I874. Though the term 
denotes 'the disease of the lungs produced by the Inhalation 
of dust', a more comprehensive definition of the term is 
being 8ought both to designate a pathological entity and to
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speoify an occupational disease. H a m l i n d e s c r i b e s  the 
term as "an all-inclusive caption for a variety of pulmonary 
affections* • • . • •Crensrloally, it does not Imply fibrosis, but 
simply 'dust' in the lung. 0»„ 0 .therefore, pneumoconiosis 
must include any retention of dust in the lungs, whether of 
industrial origin or not, and whether of toxic, irritant, 
proliferative or inert dust."

Various forms of pneumoconiosis are distinguishable by 
radiological diagnosis of the oheet, aided by a knowledge of 
the nature of dusty ooeupatlon and the history of exposure 
to dust. Eogo (a) Classical Silicosis due to the inhalation 
of Silica dust, is characterised by a large number of small, 
firm, grey, whorled nodules5^*^ (b) Anthracosilicosie^) 
among workers at the coal face and trimmers in the holds of 
ships is recognised by widespread extreme pigmentation in the 
lungs, where the Silica is masked by the coal; (o) Coal­
miners9 pneumoconiosis^1® ̂ is known by the condition of 
'focal emphysemaD; (d) Asbestosis^1*^ lesions take the
form of diffuse fibrosis; (e) Siderosis^1®^ among haematite 
miners is characterised by diffuse-fibrosed areas of a bright 
briok-red colour; (f) Shollnosis^T^ has emphysema as a 
marked feature and the bluish colour of the lungs is 
distinctive; etc.
1.3 incidence of Pneumoormipai

(iq)As long ago as 1556, Agricola'*' observed that many 
women in the Carpathian mining districts married seven



husbands , "all of idiom this dreadul disease has brought 
to an early grave". The magnitude of this problem can 
best be realised by the knowledge of the incidence of 
the disease. The incidence of raw cases of Silicosis in 
the mines of Witwatersrand was 9o53 per 1000 examined during 
1941-®44? though it stood at 28.11 per 1000 during 1917-*2o£2^  
In the Kolar Sold Fields in India during 1940-*46, 7653 men 
with five years underground service or more were examined , 
out of whom 3351 (43o797&) were found to have abnormal

/pi)radiological appearances of the lung flelde.v The
peroentages of cases of pneumoconiosis in a foundry* fettling

(22)shop and core-shop are 5 <>2, 6.7 and 3.1 respectively.v '
In Britain* there were 22*000 men oertlfied as disabled from 
coal-dust between 1931 and 1948^2^  and in 1945 alone, 5224 
cases of coal miner °s pneumoconiosis were recorded in South 
W a l e s . B y  i960, 8080 men were receiving disablement 
benefits under the Pneumoconiosis and Byssinosis Benefit 
Scheme 0^5) incidence of the coal-mlner's disease in
Scotland is given in Fig. lei for the year 1959*^^ and 
the average dust contents of coal-miner 9s lung is given 
in Pig.1.2.^27^
1.4- Harmful narticle-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^28  ̂that 70 per cent 
of the particles in silicotic lungs were less than la and
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the largest particle did not exceed 10o5n«> On the basis 
of this work* Mavrogrodato defined disease-producing 
dust as particles of 0o5 to 5n In diameter» Gardner and 
Cummings showed that a much more severe reaction 
resulted with a given weight of 1 to 3\i quartz particles9 
than with an equal weight of 6 to 12p particles* the latter 
being comparatively inerte Tobbens* Schulz9 and Drinker 
found that the potency of quartz increased markedly as the 
particle size decreased from 3 to 0o6(ju The Committee on 
industrial pulmonary disease in Britain^ has* as a 
result of extensive investigations during the years 
1939-?439 concluded that? in the absence of knowledge to 
the contrary0 all dust of a size less than 5\x should be 
considered as harmfulo The National Coal Board has adopted 
the size range as 0o5 to 5n for silica or rock and 1 - 5|i 
for ooalo

Pindeison^-^ calculated the average air velocity 
at different points in the respiratory tract9 by estimating 
the dimensions of various parts of the lung and assuming a 
constant air flow of 200 c®Co/sec* during inhalation and 
exhalationo His velocities, which were later confirmed by 
Davies^4) p aye shewn in Pig© lo3« The precipitation of 
particles on to the lung surfaces is considered to take 
place by four distinct mechanisms, namely, inertia* 
sedimentation* wall effect and Brownian motlono Experiments 
on the retention of particles in the lungs have been carried 
out/
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by Van Wijk and Patterson^), ty Landahl and Hermann^^ and 
by Wilson and In M e r / ^  Who dusts ussd and tbs methods 
employed by tbsss workers varied and the results were compared 
independently by Brown et,al,^®) and Davies^) y on the basis 
of spherical particles of unit density, Their curves are shown 
in Fig, lo4o Brown et0al0 showed that the optimum sise 
particles for alveolar deposition is about lp and the 
probability of their being so deposited is the same for 
particles smaller and larger than lp* while Davies indicated 
that a peak deposition? ranging from 50 to 60 per oent of 
particles? occurs at 1,5 to 2p in diameter, and about 30^ of 
the 5p 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 o Arbitrary standards of 
'approved conditions9 do, however, exist. For example, in 
ooai-mlnss, Bedford and Warner suggested that particles 
<5p should hot exceed 660 particles per cubic centimetre of 
air (popo0,c,), out of which 600 p«p0e,Co should be coal and 
6o stone. The standards laid down by the National Coal 
Board are (l) 650 p,poO,o, (1 - 5p) for anthracite,
(2) 850 P0P0O0C0 (1 - 5p) for bituminous coal, and
(3) 450 p,poO,o. (0o5 - 5p) for stone dust. On a gravimetric



8 o

tesla, Briscoe et«al«^^ concluded that the mass can- 
eentration of dust should not exceed 10 ago of coal dust 
and 1 ago of 'stone* or lnarganlo dust per cuoBo of sir 
and applies only to partloles less than 5l*«

V? M r*^ 8 ffT diia* uam miimVm la
Bust found in mines may be divided into two categories s 

Inherent and mechanical o
dust, which Is found lying along the cleavage 

planes or 'slips' In any coal seam. Is the result of attrition, 
which occurred during formation of those cleavage planes,

«i/toflh«*rioal» dust Is produced by almost every operation 
In the working and transport of coal, such as coal cutting, 
loading, drilling, shot-firing and conveying and Is also 
Influenced by; the standard of roof control o Since 1948, the 
introduction of organised dust-suppressiom has resulted In 
a progressive decrease of dustiness, as evidenced by the 
fact that the mean concentration in the working places has 
been reduced from 9500 p«poC«o, in 1949 to 4000 p*poe*o« in 
1952 and to about $00 pop0oeo0^ ^  by 1954o

She task of the engineer In maintaining the standards 
of dU8t-&eanlinss8 divides Itself Into -

(I) control of dust at the dust-source, and
(II) suppression of air-borne dusts.
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(I) w m t - M A t g M t t g .
(a) pulsed-infuslon nhotfiring (water-blasting) ,
(b) water-infusion and wet-cutting,
(e) Dry drilling, with puah-and-pull fan ventilation 

and varidus kinds of dust traps,
(II) Heaaurosto suppress aix-hornc^ustst

(d) water sprays,
(e) consolidation of roadways,
(f) use of steam,
(g) filters In airways, electrical precipitator 

or ultrasonic agglomerator*

Water is the principal agent used to suppress dust 
during coal-cutting 9 blasting, loading and transferring.
At the ooal-face, wet cutting and water Infusion are the 
most widely used methods. The Introduction of the "Whale" 
type jib in wet-cutting^, where Internal jets can spray 
In all directions Inside the cut, 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 ooal-seam and Increasing Its 
"ploughability" 0 As the coal substance Is impervious* water 
passes along the cleavage planes and hair structures, which 
join these Cleavage planes. It Is on these planes and 
fractures that the Inherent dust Is formed and it is wetted



in situ, before the eoal le worked0 The success of 
infusion in any sea© depends on a systematic study of the 
factors, which condition the penetration of water into the 
seamo The factors include^^ position? spacing and depth 
of infusion holes, pressure, quantity and rate of flow of 
water, position of the seal in the infusion hole, simultane­
ous or battery infusing and gas emisslono Conditions in 
British mines hate 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 on. in diameter and 2*75 to 
4o5 mo aparto The quantity of water is obviously Influenced 
by the character of coal and the associated root and floor 
beds, and an average value is about 7 litres per ton of 
eoal» The rate of flow ranges from 7 to 11 litres per 
minute and the infusion pressure tram 7 to 35 Kg/sq*cm0 
(100 - 300 p « 8 o i o ) o  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/sq0cm«, has proved beneflolal in reducing air-borne 
dust during the shotfirlng shift* Here the shothole is
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charged with special explosives^**), which are capable of 
efficient detonation under water pressures up to 
70 Kfe/aqocm. (1000 po80l«), the infusion tribe is then 
placed in the mouth of the shot-hole, tbs water is turned 
on and the shot is fired while under water pressure o 

Water sprays are used in wet-cutting and also at 
loading and transfer points« Sprays for wet-outtlng Issue 
from jets about 6„5 mm<> dlaseter and a quantity of about 
14 litres per metre of face out is required at pressures 
around 5 Kg/sq0cnio The "fixed sprays" whleh are used to 
suppress dust at transfer and loading points, use specially 
designed nossles lo5 to 6 am0 in diameter with the pressure-* 
range tram 7 to 35 Kg/sq0em« Three types of fixed sprays are 
classified, according to the feeding systems ueeds^*^)

(I) Simple orifice nossle, where the liquid is 
injected into the gas through a plain orifice 
(e»g0 Horrls Spray)*

(II) Hollow cone nossle with tangential feeds The 
liquid is introduced tangentially into a cyclone 
chamber, in which it rotates as a whirlpool with 
the shape of a rotating hollow cons and is ejeeted 
fTom the orifice as a hollow cone (e<>g. Porter 
sprays),

(ill) High capacity swirl nossle with fixed screw*
Here the rotation of the liquid is achieved by 
fixed screw or slanted channelso (e.go Sorting 
spray)«
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Under conditions where the use of water is precluded 
(e,ge high rook temperatures in the deeper levels of mines), 
the dry suppression methods consist of collection or damping 
of the cuttingB, 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 
hood; in others, they are extracted from the point of 
drilling through the drill rod 0 The Holman Dryductor and 
Hembom Suction system, used in combination with the Huwood- 
Holman V bag filter, the Vofces dust trap and the Hembom dust 
filter have been proved to suppress dangerous dust as 
efflolently as typical wet methods 0 Bit wear is also found 
to be less with dry drilling processes

The advent of a flameproof steam-raiser^**^ based on 
the immerslon-heater principle has now made steam available 
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.

Consolidation 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 ohlorlde is normally used and if the relative humidity 
Is greater than 75#, common salt oan be used, with a good 
reduotlon in cost. In Germany, it is claimed that the salt- 
crust tr e a t m e n t o f  the roadways is more effective, due to 
reduced redlsperslon of settled dust.
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1.6. H a m a  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 e The general purposes
of spraying a liquid in air core to increase the surface 
area of a given mass of liquid and to distribute this 
liquid in air in such a way that the air volume swept by 
the liquid is large. Sprays in practice encompass a 10^-fold 
range of drop sizes, a 10 -fold range of drop areas and a 
10^8-fold range of drop volumes .^*9)

To break-up a liquid mass, it is 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 flow through some device 
which forms it into filaments or a liquid sheet. Because of 
surface tension, the configuration of large surface area is 
unstable, and on undergoing disturbances, e.g0 the force of 
gaseous friction, it breaks up into a system of droplets. 
While the prooess 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-mlllionth 
of a second. Same kinetic energy imparted to the liquid 
mass appears as surface energy in the spray, but the major
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portion of the kinetic energy in retained by the spray 
drops* causing then to penetrate into the gaseous medium* 
into which the spray is directed0

Soon after its formation* a spray droplet takes up a 
terminal Telocity with respect to the ambient gas* whloh is 
equal to its falling velocity under gravity o The terminal 
velocities of spheres falling freely in infinite gas volume 
are shown in Table lQlo The falling velocity of drops of 
large size 500 - 5000 p is 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 drops over 100 p in diameter 
fall at terminal velocities greater than 30 cm/sec. and 
will rapidly disengage themselves from any spray moving 
horizontally.

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

(i) the disturbances set up in the liquid flowing 
through the atomiser;

(il) the properties of the medium into whloh the 
jet is discharged;

(ill)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 offered one of the first theories of 
liquid jet disintegration based upon a mathematical analysis 
of the stability of a non-viscous jet. He considered a 
laminar liquid 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 circumference, i.e. i > 2  ; . 
His conclusions were utilised in the later theories of 
Castleman,^1) Haenlein^2  ̂and Weber. ̂ 3) Soae authors 
have stressed the fact that turbulent flow In the atomiser . 
aids the process of atomisation; thus Mehlig^*^ and 
Schweitzer indicated that this turbulence produoed a 
radial component of liquid velocity* which enabled the 
disintegrating jet to overcome the forces of surface tension. 
Thleman^**) believed that disintegration was influenced by 
the relative velocity between the outside of the liquid jet 
and the air Itself. While Strazheuski^?) concluded that 
air resistance and high jet velocity are the main factors 
causing and controlling spray formation, Oschatz^®^ claimed 
that the final atomisation of the jet was mainly dependent 
on the resistance of the surrounding atmosphere.



Spray formation has been studied photographically ̂ 9)
and three or even four stages of jet disruption were observed
and attempts made to relate them to certain values of
Reynolds Number^0^

Castleman^1  ̂has put forward a theory of jet disruption,
assuming that the most Important factor is the effeet of air
friction, whloh causes the tearing of ligaments from the main
jet coreQ It is claimed that the slse of liquid droplets
reaches a lower limit at high discharge velocities* when this
condition is reached , the ligaments collapse, as soon as they
are formed* and any further increase in the velocity (higher
Injection pressure) above 10,000 - 12*000 cm/see,, will not
produoe droplets of smaller slseP This theory would seem to
be justified in practice where it Is found that at high
atomisation pressures, the average droplet slse is reduced
by an Inoreaee In the number of small droplets rather than
by a reduction In the else of the smallest droplets0^ ) ( 63)

The performance of an atomiser depends upon (l) the
throughput of the spray nossle, (2) the oone-angle of the
spray, (3) the average droplet-slse and (4) the droplet-sise
distribution Utilising dimensional analysis, the relation
between the properties of the liquid and the atomiser has
been found to b e ^ ^  as follows

  1/, 1/.



lo7 Capture of duet particles by spray droplets
To elucidate the principles involved, the analysis 

can be simplified to the consideration of the action of one 
water drop moving through a dust cloud. Best^®’̂ has shown 
that droplets of water in air can be regarded as spherical 
when they are less than 1 m«m(1000|i) in diameter. When a 
water drop traverses 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 dropP Air is 
displaced sideways out of the trade of the drop and some of 
the dust particles in this air are also carried out of the 
patho The fraction of the dust lying in the path of the 
drop which collides with it and is removed from the cloud 
is defined as the "collection efficiency” of the drope 

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 and Fonda end Herae^), and

(ca)experimentally by Walton and Woolcockv / .
The theoretical investigations involve a number of 

simplifying assumptions and the theories are based on the 
physical model which comprises a sphere (the drop) of 
diameter moving at a velocity v relative to a fluid 
(air) of density pa and viscosity T)o „ The fluid containsot GL

spherical dust particles of diameter dp and density p0
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initially at rest with respect to the fluide As the 
sphere moves through the fluid* the latter 1b displaced 
out of its path and tends to drag the dust particles with 
it0 The latter9 however9 because of their mass* are not 
immediately accelerated to the velocity of the fluid9 but 
lag behind9 so that a proportion collide with the sphere5 
these are the captured particles0 Particles whose centres 
follow paths that pass within a particle radius of the 
sphere are assumed to make contact0 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 
tracko

By the method of dimensional analysis9 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:

Studies of the trajectories Qf particles moving under 
the combined influence of inertia and viscous forces due to 
fluid flow round a sphere have been made by Langmuir and

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 0 If the particle is in

Blodgett Das^^), Bosanquet^^ p Vasseur^1  ̂and Sello^^ 
Fonda and Herne gave an analytical treatment of the
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the path of the spherep the two may impactp but the flow
of fluid round the moving sphere applies viscous forces to
the particles9 which tend to remove it from the swept path
of the sphereo Whether impact occurs or not depends on
the balance of viscous and inertial forces acting on the
particle as the sphere approaches it0

On the assumption that the viscous drag force on the
dust particle is directly proportional to the vector of the
relative velocity of the particle in the fluidp the
magnitude of the viscous drag on the particle 9 taken as a
sphere f, is 3*od «vqtu and therefore the particle behaviour P °
can be completely characterised by the quantity 

Inertial force or* --- 2-— —  «

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 itQ A laboratory investigation of

f681the behaviour of methylene blue particles and water spheres' ' 
showed that all impacts lead to capture of the small particle 
by the larger sphere0 On the other hand Brown^3) suggested 
that bouncing can occur with a probability depending on the 
relative velocity and the angle of incidence of each on the 
other o



A basic Parameter K has been defined9 which is 
dimensionless and whose magnitude is a measure of the ratio 
of inertial to viscous effects0

The curves showing the relationship of this parameter K to 
the collection efficiency of particles by droplets are given 
in Pigo lo5*

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 conditions0 This project9 
thus9 became a part of the Pneumoconiosis Research programme 
formerly supported by the Scottish Division of the National 
Coal Boardo

Earlier workers in this programme had been engaged in 
the development of apparatus 9 for the examination of the air- 
settling characteristics of fine dust of a particle-size 
dangerous to health0 Glen^*^ used a dust chamber9 into which 
the dust was injected and dispersed and which incorporated 
three pairs of photo-electric cells9 connected in opposition

research



FI G . l .5 COLLECTION EFFIC IENCY V PARAMETER

1,000 p 1--n — r500
2.00 100 50— I----i----- r~T“i— I— I— T- 10"I 1 r t r

\oo

F o n d a  and H erne90 90
L an g m uir  and B lo d g e t t

80 80
W a l t o n  and  WoolcocK

70 70

60

50
P o te n t i  al

F lo w4-0 —

30
V is c o u s

2.0F lo w

10 10

0 .1 1-0o-5 50 10-0

P A R A M E TE R  K
^ a D1>



and to a mirror galvanometer0 The concentration of the 
dust cloud in the chamber was measured by the light 
extinction method 0 The effects of increased relative
humidity and of mixing mineral dusts with silica were

( 74}investigated by Massieow  1

Hunter and othersmeasured the effectiveness of 
swirl atomisers on static dust clouds and studied the use 
of wetting agents for dust suppressiono Their investiga­
tions were carried out in a dust chamber 9 with sprays not

pexceeding an atomisation pressure of 62 lbs/in (4o36 Kg/sq0cmo 
It was later envisaged that dust suppression systems should 
be studied in a dust tunnel 9 where reproducible dust con­
centrations and air velocities could be obtained over a wide 
range of values and 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 dust taken simultane­
ously before and after the dust suppression system*

Walton and Woolcock^^ showed that the mean efficiency 
of dust-Buppre8slon was as great as 55# for 2\i dust and 28$G 
for Ip dust for 100 (i drops projected at 3000 cat/seOo and 
concluded that the high-velocity spray from a pressure nozzle 
might provide a practicable way of treating concentrated 
clouds near the source of production or ducted therefromo 

The object of the author9s research was accordingly 
to study the effectiveness of such a laboratory flow system 
for carrying duet-laden air streams and to measure



quantitatively the influence of high spray pressure and 
high wetting power of the fluid sprayed 9 on the efficiency 
of dust-suppresslan*

Earlier theoretical work has always assumed that 
droplet-particle impact results in particle oapture0 If the 
particle 18 difficult to wet with the droplet liquid a 
proportion of the impacts may not result in capture, the 
particle merely bouncing off into space o Thus the addition 
of a wetting agent may well be crucial for the effective 
suppression of some dusts 0

To avoid personal error in particle size analysis an 
automatic particle counter utilising a wide-slit spanning 
technique and a photo-electric device was employed0 It was 
necessary to ensure that the size of droplets produced at 
very high pressures (2750 poe0io) followed the same laws as 
those produced at low pressures (60 p.a0i0)o Thus a method 
of droplet size measurements using the automatio particle 
counter was necessary and had to be evolved and droplets 
sized over a suitable pressure range 0

The amount of water required to suppress a given 
quantity of air-borne dust had already been assessed^ K  
It was necessary to extend this to higher spray pressures 
and to evaluate it for sprays of different wetting power0 

It was also decided to study the effect of spraying 
dusty air with a number of high pressure hollow cone sprays 
arranged in series (tandem sprays) to find the maximum 
possible dust suppression in such a dust tunnel and the



effect of increased water throughput at a specific 
pressure on the amount of water required to suppress 
a given quantity of dusto
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2n INSTALLATION OP AH EXPERIMENTAL RUST TUNMEL AND ALLIED

APPARATUS

2d1 The Wind Tunnel
Earlier experiments on dust suppression (^2)(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 actual mining conditions 0 A 
dust tunnel was therefore designed9 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 undertaken0

The experimental dust tunnel was originally constructed 
by Hutcheson and Sweetin^^ and was subsequently modified 
from time to time by the author0 A drawing of the tunnel 
(not to scale)9 as it stands now* is shown in Pigo 2ol and a 
view* looking from the fan end* is seen in Plate L

The tunnel consists of seven lengths of 16-gauge mild- 
steel welded ducting* flanged at the ends and fitted with 
rubber gaskets0 The overall length of the tunnel is about 
2 0 metres and the outside diameter 45©72 cms0(l8B)0

A 45o72 cm®(18") Keith-Blackman centrifugal fan* capable 
of producing an airflow of 1000 cm0/seco (about 2000 ft/min0) 
against a back pressure of 5 cm0 water gauge (w0g0) was 
fitted to the higher end of the ducting by a flexible rubber 
tubingo The fan was driven at 1500 r0p0mo by a 2 H0P0 fan- 
cooled squirrel-cage motor (400/440 volts* 3 phase* 50 cycle 
AC Jc The airflow into the tunnel was made variable by
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fitting a Keith-Blackman Radial-leaf Damper to the fan Inlet o 
This enabled the air velocity to be set to any desired value 
between 50 and 1000 cmo/sec. (100 - 2000 ft/min<>).

A 6o4 mm0(^/4 in.) mesh honeycomb structure9 10 cm0 in 
depth, was fixed into the ducting immediately after the 
blower in an attempt to even out the air-flow pattern 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 about 3 metres from the fan and an tanti-spin® 
baffle of length 3D (lo37 metres) along the axis of the duot, 
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 tunnel is more 
fully discussed in Chapter 3o

A perspex window was provided in the centre section of 
the tunnel 9 where the dust-suppression spray-systems could be 
watched and carefully controlled 0 Holes were cut for two 
thermal precipitator heads on either side of the spraying 
section0 The stop° thermal precipitator was about 7 metres 
distant from the fan on one side and is about 802 metres 
distant from the ®bottom® thermal precipitator on the other 
side0

The tunnel was mounted on angle-iron and wood supports 9 
with the bottom end 15 cm0 lower than the fan end, so that the 
water from the sprays would drain away easily. A 2o5 cm0 high 
catchment dam was built across the lower end of the tunnel and 
a 1 cnio hole was drilled for water-dralnage 0 This catchment



dam was found Inadequate and was subsequently replaced by 
a 7 06 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 minimum0
202 Allied Equipment for the dust tunnel

2o2ol 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 
1®5 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 version of the
(77)apparatus described by Hattersley et0alb and consisted 

essentially of a dust-metering device and a means of 
dispersing the dust into the air stream Q The dust was 
plaeed in a truncated cone hopper, which was fastened to 
a vertical steel eolumn and capable of being raised or 
lowered o Under this hopper, rotated a horizontal plate 
with three oonoentrio grooves cut on its surface and as the 
plate rotated,, dust flowed from the lower edge of the hopper 
and was swept across the plate by a scraper system, filling 
the grooveso 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 
air, into the tunnel.

Two circular 18 cm. perspex plates had three concentric 
grooves out on each of their surfaces and one or the other 
could be arranged to rotate under the hopper. The groove 
siaes have been given below for the two plates s

MB ?.* Ju.t Plat. X

Outer Groove Middle Groove Inner Groove
Width _ mm. DepthJ0DU Width mm. .

Depth Widthmm. Depthmm.
9ol5 lo59 12.2 1©59 12.2 1.59



TABLE 2.2 Duet Plate II

Outer Groove Middle Groove Inner Groove
Width
mm.

Depth
mm.

Width
mm.

Depth
mm.

Width
mm.

Depth
mm.

5*08 lo59 4o32 lo27 4*57 lo27

These plates were driven by a email electric motor 
operating through a V-rope belt running on cone pulleys and 
a step-down gear box0 With this system, it wae possible to 
run the dust plates at 8 different speeds, viz, 0o420,  0o520,  

0o5^8j 0o7009 0o705* O0885, 0o940 and I0I85 r©Pomo
Theoretical dust concentrations could be calculated 

from the linear velocities, the dust-groove dimensions and the 
bulk density of dust, as shown in example given in 2o4«2o 

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 
fill the grooves with dusto This scraper could be adjusted at 
any angle by pressing on to the rotating plate, so that the 
grooves were fully and evenly filled with dusto Reasonably 
good results were obtained by having a clearance of about 4 mm0 
between the hopper and the dust plate . This adjustment helped 
to fill the groove in the plate completely, with a small 
trickle of dust going to waste.
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For dispersing the dust9 the bottom end of the 
all-glass ejector could be set on any required groove of the 
duet plate 9 with the secondary scraper just behind lt0 The 
ejector was operated by an alrblower, which provided 
compressed air at 4 om.w.g. The suction developed at the 
top of the ejector was 5 mm0w.go

The concentration of the dust oloud in the dust tunnel 
could thus be altered by:
(a) varying the air velocity at the centrifugal fan air-inlet,
(b) changing the else of the dust groove on either of the 

plates9 and
(c) varying the speed of revolution of the plate usedo 
By using combinations of these three footers9 particularly 
the first two9 a wide range of dust concentrations from
550 p.p.c.Co to about 3000 p.p.0.0. was obtained. Theoretical 
dust concentrations based on dimensions of the rotating plate 
and 8ise 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 was pumped by a three-throw 
reciprocating plunger pump manufactured by G. and J. Weir^®^ 
through an air cushion cylinder to the spray nozzles. The 
pressure of spray could be as high as 210Kg ./sq.cm.
(3000 p.B.l.) depending upon the diameter of nozzle orifice
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and could be controlled easily to any desired value by 
varying the speed of the motor and the setting of a by-pass 
valve o The characteristics of the pump and the various 
swirl spray nozzles used are discussed in more detail in 
Chapters 6 and 7o

2.2.3 Instruments for dust-sampling t Standard thermal 
precipitators were employed to assess the air-borne dust 
concentration before and after the dust-suppression unito 
A gravimetric dust sampler was also used for comparison 
purposeso

(a) Thermal Precipitator* The thermal precipitator^^^ 
which is the reference instrument used in British coal mines 
to assess the concentration of respirable-slze dust, was 
originally designed by Whytelaw-Gray and developed by Green 
and Watson^), making use of the Altken effeot that the 
space surrounding a hot body is dust-free. (Fig02o3).

Bine solid particles suspended in the gas in the 
immediate vicinity of a hot body, are repelled from it as 
a result of the differential 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 partloles 
are deposited' in linear streaks on thin microscope cover 
glasses placed on either side of a hot wlre0

The instrument consisted of two main parts, the head 
carrying the hot wire (Fig.20 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 0 The precipitator head takes 
the form of a cube* It comprises two brass blocks screwed 
together, and two sets of three strips of bakellte placed 
between to make a vertical slot,

A nlchrome wire 0o025 cm0 in diameter and Oo9d5 om0 
long passes between these spacers and oentraUy across the 
sloto One end of the wire is oonneoted to an insulated 
terminal, the other end to a spring, which keeps the wire 
taut when heated through the oentre of each block0 
Cylindrical holes of 19 mm0 diameter are out and cover 
glasses are inserted through these holes so that they rest 
against the spacers on either side of the wire and are then 
held in position by closely fitting brass plugs 0 The wire 
is heated to about 100°C by passing a steady current of 
loj amp from a 4o5 volt battery. At this temperature the 
diameter of the dust-free spaoe is larger than the distance 
separating the cover-glasses.

In operation, dusty air is drawn through a slot 
0*051 cm* by Oo95 cm« In cross section at a velocity of v 
around 140 cmo/otiLn*, the sampling T&te thus being, maintained 
betean 6£and7o<y&in* The air passes between the cover glasses 
placed on opposite sides of the wire at a distance of OoOl cm0 
from ito The brass plugs in eontaot 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 
precipitation of particles.

Prewitt and Walton^found it reasonable to assume 
that the collecting efficiency of the instrument was 100 per 
cent in the size range lo0 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 6C5 c.c0/min<> and 7 c.c0/min.

The volume of air to be drawn through the instrument 
depends on the dust concentration. For instance9 with 
1000 popoC0Co9 a 50 CoCo sample would yield deposits adequate 
for accurate counting. The cover-glasses are subsequently 
removed from the instrument and mounted on a standard 7.6 cm. 
x 2o5 cm. microscope slide for particle counting and sizing?

(b) Gravimetric Sampling: Experiments using salicylio
acid filters were also carried out and simultaneous samples 
from these two methods of sampling are compared in detail in 
Chapter 5<>

2fl2oA Instruments to measure air velocity in the 
tunnel: Two instruments were installed to measure the
velocity of air flowing in the tunnel - 

(i) a Venturi meter 
and (11) a hot-wire anemometer.
(a) Venturi 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. (Pig06)0 The
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pressure difference between the upstream end of the cone 
and the throat (Flgo2e5) 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./seco ( 1000 ft./min.).
(b) Hot-wire anemometers The instrumentation of the 
hot-wire anemometer 9 used to measure accurately low air 
velocities in the tunnel is shown in Fig0 2.6. It consisted 
of a copper-conetanton 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 0o26 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 AoCo mains 0 The heated junction 
caused a potential difference and this was read on a mllli- 
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 coll and thus on the air velocity. 
The hot-wire anemometer was calibrated against an accurate 
vane anemometer.

Generally the routine maintenance of the tunnel 
consisted of -

(a) cleaning and resetting of the Keith-Black oil 
film filter,

(b) periodic recalibration of the hot-wire anemometer 
to allow for the effect of seasonal fluctuations
of ambient air temperature*
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(e) cleaning the precipitator head and aspirator9
(d) cleaning the air cushion cylinder of the spraying 

unit and
(e) cleaning and resetting the dust injection unlto

2.3 Preparation of coal-dust for experiments
About 23 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 mm0 in 
sise. This material was dried in small quantities for some 
hours at 110 °Co The dry coal was passed through a high speed 
laboratory hammer mill9 and subsequently ground further in 
batches of 40 - 50 go in a mechanical agate mortar for one- 
hour periods 0 The product obtained from the agate mortar was 
sieved through 300 B.S. Sieve to ensure that the particle 
sise of this experimental dust did not exceed 53 microns.
The s is e-analysis of the dust described in Chapter 4» later 
proved that more than 90 per cent of-the air-borne particles 
in the duct were below 5 micron in sise,
2.4 Some theoretical considerations

2.4.1 Critical velocity for turbulent alr-flow in the 
tunnel: For flow in a tunnel of circular cross-section,
the condition for turbulent flow is

Re > 2300 
where Re «



For a tunnel of diameter 18 inches 9 the erltioal velocity 
of flow for turbulence

Ue ” **(o) * TW  " 2300 *
p“. D 18 x 2.54

■ 7.04 om./see. (13.82 ft./mln.)

i.e. at speeds above 13.8 ft./mln. 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 across the section of the duct 
and the velocity distribution law. as formulated by Prandtl^®®^ 
is illustrated in Figo 20?0 For a range of air velocity in 
the duet 14 fto/min0 (7 cm0/sec.) to 3 x 10* ft./mlno 
(lo5 x 10* cm./sec.) (when He • 10^) the velocity profile 
over the cross-section will be between curves IX and III.
The experimental velocity measurements and the effeot of 
baffle plates on velocity profile are discussed in Chapter 3* 

2_»4o2 Theoretical dust concentration in the t wm^«
Bust concentrations in the tunnel could be calculated 

theoretically for different air velocities 9 from a knowledge 
of the dimensions of the dust-plate groove employed and also 
velocity of approach of groove and average particle sise 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 far the theoretical calculation of duet 
ejected from the duet machine on the baele of 100 per cent 
efficiency, le given belowt

Specification of grooves Groove Hoo2, Plate I0

Inner diameter of groove • •• 13<>08 cm<>
Outer diameter of groove • •• 14o28 cm0
Depth of groove <,©« 0o1589 om0

Yoiuso of groove „ | (14 282 _ 2 x Qol589
» 3o86 ooc/revolution of groove

Weight of duet ejected, aewumlwg 100J* efficiency,
• volume x bulk denaity x ReVo/mln0
• 3086 x 0o0196 x 27068 x ld91
• 2o4^5 go/mln«

Hoo of partlolee < 6039|i * wtQ of duet/mln.x partlclee <6»3|i/gm<
- 2o465 x 876O x 106 (experimental)
* 21062 x 109 partlolee/mln.

At an air velocity of 130 ft/min0 In the wind tunnel, volume 
of air In the tunnel

6
per mine7*0 x I (18 * 2° * 7°505 * ri °oCo

o o e Busbar of partiolea < 6„59|* praaant Is tha ttmnal

- fo8

m 2880 p . p . O o O o

Shoe the theoretical dust~oonoentratian erne calculated 
at different velooltlee, ae shown in Table 2o3<>
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TABJ&_2*3
Theoretical dust-ooncentration In -the tunnel

P'PoOoOo (< 6*59 |i)

Speed of plate ,** 1*191 B*P*Mo

Tunnel
Air Velocity Pust-oonoentratlon In p*p*e*o«

Bo* cnto/see* fto/min* Plate I, 
____ _ Groove 2

1 75 150 2880
2 125 250 1810
3 200 400 1130
4 450 900 502

2*4*? lag-KWap gawilitfr fvr 
preoipitatorg In order to obtain a sample of duet truly 
representative of Its oanoentratlon and sise distribution 
In the air that carries ltv the velocity of the dusty air 
entering the sampling Instrument should be exactly equal 
to that in the main stream* If the velocity of sampling 
be lower than the air velocity, the greater Inertia of 
the larger particles causes them to be oolleoted preferen­
tially, On the other hand, too high velocity of sample 
Intake results in the rejection of some of the larger 
particleso 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 the thermal precipitators are designed to be most 
efficient within a closely-controlled rate of sampling.
For instance, a thermal precipitator head sucking in dusty 
air through a slot 00051 by 0.95 cm. in cross-section at a 
controlled rate of around 7 CcCo/min0 assumes a sampling 
velocity of only 2.35 cm./seco (4o7 ft/min.K

Withers^®^ * however, was unable to find any 
appreciable change in sise selection when the ratio of 
ambient air-velocity to sampling velocity varied from 0o6 
to 2o2o

If one assumes an air velocity of 100 cm0/eeco 
(200 fto/min.), which is quite a normal figure in mines, 
and control the rate of sampling for maximum thermal 
precipitator efficiency at 7 c.c./minute, to obtain an 
isokinetic sampling, the area of thermal precipitator 
inlet mouthpiece must be

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

b 0q386 mmo

or 386 microns.
This is much too small for practical operation.



From these figures, it is quite apparent that 
under mining conditions isokinetic sampling cannot be 
effectively carried out, and so it has become necessary 
almost completely to ignore the effect of differential 
velocities in sampling procedures for thermal 
precipitatorso
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3, amp dpst-cohoei?tratiqn
IH THE TPHMEL .

3_»1. Distribution of air velocity
3oXal Introduction: Since the air flow in the tunnel

was created by a centrifugal fan, capable of producing flow- 
rates in the range 50 - 1000 cm./seco, it was decided that a 
knowledge of the air-velocity distribution at various oross- 
sections of the tunnel would be necessary <> Hon-uniform 
velocity distribution would then be corrected by suitable 
baffles placed in the tunnel» An NoPoLo hemispherical head 
pitot tube was employed to measure air velocities, sinoe it 
produced no appreciable pressure loss and it could be* * ’ ■. ‘ v
inserted through a comparatively small hole into the tunnel 
wallo The pitot-tube head of NoPoLo hemispherical end 
type is shown in Fig® 3ol« The two concentric tubes of the 
pitot tube were connected to the two ends of a micromanometer 
which measured accurately pressure differences to 0o0005 inoho 
or 0o00127 cm* water gauge9

3.1.2 Pitot-tube traverses: Since this device
measured the Instantaneous velocity at one point, it was 
necessary to take a number of readings at different points 
to get a clear picture of velocity distribution across any 
section of the tuzmelo

A circular tunnel such as this was best considered to 
have its cross section divided into a number of conoentrlo 
rings of equal areas, as shown in Figo 3o20 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 - vertical, 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.

TABES-1<?1
Diameter of duct 0.« 45*72 cms0(l8 inches) 
pfl-fcuh}ahmftnt of Traversing Points

Point Ho® Distance from the wallocms. Point Ho. Distance from the walloCms.

1 lol9 6 30o08
2 3o75 7 35*39
3 6068 8 39o05
4 10o33 9 41*97
5 15 064 10 44*53



A hole of about 1.5 cm. diameter was made for the
insertion of the pitot-tube into the duot and it was
carefully plugged with a rubber bung when measurements
were being made* Care was taken to ensure that the Pitot-
tube was plaoed accurately pointing upstream, since it has
been shown that inaccuracies to the extent of 2^/2# in
velocity could be obtained, if the tip of the tube was
inclined at an angle of 20° to the air stream* The
readings of the micromanometer were taken at each of the
traversing points along each of the four diameters across
any section* The temperature of the air in the tunnel
during the experiment was also noted* Taking the pressure
of the air in the tunnel to be practically that of the
atmosphere and assuming the air to be dry, the air velocity

(85)was calculated from the formula

Tft/min. “ 174‘24 ̂  + «9o<> • v/H 
-

Tor the temperature of 65°P, this reduces to 

Tft/mln. “ 3990.**

V * « .  “ 2027

Having determined the velocity of air at different 
points across any section, iso-velocity curves were drawn 
to represent the velocity distribution*



3.1.5 Effect of honeycomb on velocity distributions 
Preliminary experiments indicated a most uneven distribution 
of air0 Accordingly, a 6.4 mm0 ( V 4”) mesh honeycomb 
structure, 45o72 cm0 in diameter and 10© 6 cms0 deep, was 
inserted in the tuonel immediately after the fan in an attempt 
to even out the air flow.' '

The fan was set to give a velocity of about 250 omo/seco 
and pitot-tube traverses were carried out at the section of the 
tunnel in line with the mouth of the dust-lnjeotor nozzle0 

The velocity distribution curves showed that the 
honeycomb devloe did not make a significant contribution 
towards even distribution of air, since it could not exert 
sufficient back pressure for the purpose 0 The air velocity 
remained higher in the upper left quadrant of the tunnel (as 
looking downstream) and lower in the bottom right quadrant0 
For example, the velocity at the near end of the tunnel was 
more than double that at the far end« (300 cmo/seco as 
against 142 cm./sec.).

The effect of overall air rate on the velocity 
distribution in the tuonelthrough the honeycomb was also 
investigated. Pitot-tube traverses were carried out at the 
same section, opening the damper of fan each time to change 
the air velocity in gradual increments from 250 cm./sec. to 
1T50 cm./sec. It was found that the velocity distribution 
was more non-uniform at speeds higher than 400 cmo/sec., 
and as the speed increased the high-velocity air in the
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upper left quadrant of the tunnel sptra itself more into 
the bottom right quadrant 0

With a view to investigate the nature of the velocity 
distribution along the turned with the honeycomb in position, 
the fan was set for 150 cmo/sec 0 and velooity measurements 
at various points on four traverses were made at five 
seotions as follows (see Fig* 2d)

(a) at the mouth of the dust nozzle,
(b) just in front of the thermal preoipitator I,
(o) just beyond the thermal preoipitator I,
(d) just in front of the thermal preoipitator II, 

and (e) just beyond the thermal preoipitator IIs
This was repeated at speeds of 300 and 500 cmo/sec o 

and the results were plotted as iso-velooity curves for eaoh 
sectiono It was seen, as suspected, that the velooity 
distribution was by no means uniform and varied with the 
traverse selected at any one 8eotlon0 The air fan seemed 
to concentrate the maximum velocity in one quadrant of the 
tunnel section*

The air flow at the tunnel oross-Beotion corresponding 
to the mouth of the dust nozzle was found to be very uneveno 
For example, for the fan set at a nominal 150 cato/sec., the 
upper half of this section recorded a velocity as great as 
325 cmo/sec., whereas the centre of the right half was 
recording one as low as 40 cmo/sec „ 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 cmo/sec*, 
the centre of the right half of the tusnL had an air-velocity 
of 650 cmo/sec*, while the centre of the left half of the 
turne! recorded a lower velocity of 300 cmo/sec*, as may be 
seen in Figo 3o5(a)*

The air flow pattern, however, became more uniform, as 
It passed along the tunnel* At sections near the thermal 
precipitators, the velocity ranged, for three damper 
positions corresponding to 150, 309, 500 cm0/sec0 
from 125 to I85 cm0/seCo, from 200 to 320 cmo/seo*, and from 
425 to 600 cmo/sec * respectively * It was interesting to note 
that while at high velocity (500 cmo/sec0) the point of 
maximum velocity was siuated near the centre of the right 
half of the tunnel, at lower velocities (150 cmo/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 velocities*

3olo4- Effect of Half-area mixing baffle on velocity 
distribution: To reduce this non-uniformity of air flow in
the tunnel, a half-area "mixing" baffle - a steel disc of 
diameter D/yg1 » viz* 32o4 cms*(l2075n) - was fitted concentric 
with thetmssiLat about 3o7 metres from the fan* This had the 
additional advantage in that the dust sample extracted from 
such a system would be more representative
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Even when dust sampling was oarrled out isokinetioally 
as was done with a salicylic add 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 duct9 
unless the dust had been adequately mixed by means of a 
suitable device* This mixing baffle could be expected to 
ensure this effect o

With the honeycomb and the mixing baffle in their 
positions9 and the damper of the fan set for an air velocity 
of about 500 cmo/sec of iso-velocity curves were obtained for 
five sections of the tunnel ae given be lows

(i) Seotion distant 1 D (45 <>72 cms0) beyond the baffle * 
(11) Seotion distant 2 D beyond the baffle*
(ill) Seotion distant 5 D beyond the baffle,
(iv) Seotion just in front of thermal preoipitator 1*
(v) Seotion just in front of thermal precipitator II*

The results for sections (i)9 (11) and (ill) are shown 
in Fig* 3*3.

On comparison of these with the iso-velocity curves 
at the section corresponding to the position of the dust 
ndzsle (Fig* 3«5(&))9 it was easily seen that the point of 
high velocity was still at the top right quadrant of the 
tunnel9 even at 3 tunnel-dlameters beyond the mixing baffle 0 
There had been only a small increase in uniformity, but at 
the sections near thermal precipitators9 the points of
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maximum velocity were nearer the axis of the tunnel 9 though 
not on the axis* The mixing baffle was thus not causing 
sufficient obstruction to ensure even velocity distribution* 
Even at sections in front of the thermal precipitators 9 the 
velocity ranged from 400 to 550 cme/sec0 and the maximum 
velooity was not along the axis,

3,lo5 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 velocity * but it was 
not attempted since it would have had greater impact on the 
dust distribution in the tunnel9 during the later experiments* 
Also9 slnoe the velocity distribution pattern at the mouth of 
the dust nozzle was found to have a spin with increasing air 
velocities9 drifting the high velocity streams from the top 
left quadrant at slow speed to the bottom right quadrant at 
higher speeds 9 it was felt that some device should be sought 
which could arrest the spin.

Accordingly9 an "anti-spin** baffle of length 
3 B (1*37 metres) and breadth D (45*72 cms,)9 was fitted 
along the axis of the tunnel9 making contact with the back 
of the Half Area Mixing Baffle and9 of course9 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/yj baffle alone and the 
results for sections (i)9 (il) and (ill) are shown in 
Fig* 3*4» and for sections (iv) and (v) in Fig, 3*5(b) and (c)G
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FIG.3.3 THE EFFECT OF BAFFLE PLATE MOUNTED C O N C E N T R IC  WITH T ®  AIR DUCT

LOO KING  DOWNSTREAM

Uni t s . ,  cm/sec-x 1-97
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( a )  1 D b eh in d  the b a f f l e ( b )  2 D  b e h in d  the  b a f f l e
( c )  3D behind the b a f f le



FIG.3.4 THE EFFECT OF ADDIt I n OF A N T I -S P IN  BAFFLE ON VELOCITY DISTRIBUTION I | B h E DUCT

LOOK I NG DOWNSTREAM

U n i t s . -  cm / secx 1.97

( a )  1D behind o/j2 b a f f le (b )  2 D  beh ind  D/72 baffle ( c )  3 D  behind D/J2 baffle
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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 o

Comparing with the velocity distribution patterns at 
the mouth of the dust nozzle (Pigo 3o5(a)), and at ID beyond 
the 3^2 baffle when there was no anti-spin baffle (Pigo 3o3(a)), 
it was easily seen that even at a distance of one thnsel-djameter 
beyond the baffle, the anti-spin baffle had achieved a 
fair measure of air-flow straightening which the baffle 
by itself failed to achieve 0 The high velocity streams seen 
at the top left quadrant of Pig? 3?3(&) were found to have 
distributed more uniformly into the bottom left quadrant as 
well in Pigo 3o4(a)0 It was also clear from Pigo 3<>4(o) 
that a Minimum length of three tamed diameters was necessary 
to arrest the spin of air streams and distribute them more 
evenly across the tunnel*

At the seotion, in front of the thermal precipitator I 
(*igo 3«5(b)),the whole effective section of the tunnel records 
a velocity of 475 ± 25 Gm<>/eeeo Obstructions like the thermal 
precipitator ̂  the spray nozzle seemed to disturb the air 
How significantly, which resulted in a less satisfactory, 
though well-balanced uniform distribution of air in front of 
thermal precipitator II (500 + cDo/sec0)o In both the ’
sections, the imMrjnmm 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./seco, at which the effects of 
the baffles were found, corresponded to Reynolds Humber of 
the order of 1*6 x 10^* The Prandtl velocity distribution 
l*r<82>,

XJz * lo24 tF (^)

was found to apply« For velocity measurements for turbulent 
flow around Re « 106 x 10^ (mean velocity .. 500 cmso/sec,), 
a value of ̂ /6018 was obtained for n0

X/6ol8
Us * 1*24 tf (^)

This is consistent with Prandtl *s values of n. 
ioOo n * V t  for R_ « 10^ and n =o=̂ /l0 at R » 10^

The ratio of mean velocity to the velocity at the centre 
was also calculated and found to vary between 0*82 and 0o93<> 
The average ratio y centre was 0o88» foP R^yaolds Humber 
of the turbulent airflow around 106 x 10̂ •

5.1,6 The effeot of obstruction of tunnel outlet on 
the static preasure ««d air-velocitvt If the viscous oil 
filter at the outlet end of the tunnel was kept In service 
for a long period, it soon became choked with the dust, 
whloh it was filtering from the air. The result was that 
the filter which had passed down the tunnel, exerted a 
continually increasing back pressure and reduced the air 
velocity in the tunnel corresponding to a given setting of 
the damper0 £ * g o  At one time, with the filter connected
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and the damper adjusted to Its maximum 'open* position 
a maximum velocity of only 750 om0/seoo was recorded.
With the filter disconnected, a velocity of 1250 omo/seo0 
was obtained« In view of the difference, it was decided 
to investigate the effect of this obstruction of tunnel 
outlet on the air velocity, since it would also enable 
periodic assessment of the condition of the filter to be 
madCo

The viscous oil filter was disconnected and arrange­
ments were made, at least 61) in front of the tunnel outlet, 
to measure the static pressure by means of an inclined 
water manometer, and also to make a four-diameter-traverse 
with the Pltot-tube at a section near thermal Precipitator II0 
For different settings of the damper from 'fully open' to 
'fully closed9, obstruction of the tumel-autlet was effected 
by means of a large sheet of board e The board was arranged 
to obstruct in turn one-sixth, one-third, one-half, two- 
thirds, five-sixths si*d finally the entire cross-sectional 
area of the tunnel.A pltot-tube traverse was carried out 
at each setting of the board and damper to determine the 
mean velocity of air in the tram el. The static pressure 
difference was simultaneously read on the inclined manometer. 
The effect of the percentage obstruction of cross-sectional 
area of tum&outlet on the static pressure and mean air 
velocity are shown for each damper setting in Pigs. 3.6 and 
3o7o
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FIG.3.6CHANGE OF STATIC PRESSURE DIFFERENCE

WITH OBSTRUCTION OF DUCT OUTLET
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F1G.3.7 THE CHANGE OF VELOCITY WITH BACK-PRESSURE
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It could be seen from Fig,3#6 that any obstruction 
to the extent of about 20$ of the cross—sectional area of 
tuxmdL-outlst did not cause any significant change In the 
mean velocity of air flowing through it, and also that with 
the damper fully closed (normal mean velocity about 60 cm#/ 
sec,), obstruction as much as 80$ did not produoe appreciable 
ohange in velocity#

Prom Pig# 3o79 It Is clear that the rate of ohange of 
velocity with increasing obstruction of outlet is proportional 
to the opening of the fan-damper, i0e0 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 cmo/sec, there was a static pressure 
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 it made it 
possible to check from time to time the obstruction being 
produced by the filter,
2o2 Distribution of dust concentration

3,2,1 Introduction: Having obtained an even veloolty
distribution in the tunnel, it was now necessary to assess the 
uniformity of dust-concentration within, it. This required dust 
samples to be withdrawn at 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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samples collected should be representative of all the 
dust passing through the tunnel0

3s202 Gravimetric Samplings The gravimetric dust 
sampler assembly used for the experiments is shown in 
Pigo 3 o Q o  A vacuum pump was employed to draw the dust-laden 
air into the sampling nozzle 9 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 pure salicylic acid crystals, which retained 
the dust particles» Salicylic acid was selected aa the 
filter medium, due to the fact that its needle-shaped 
crystals could be packed into a bed which removed satis­
factorily dust particles down to sub-micron sizes« It was 
also important to use a sharp-edge sampling nozzle and a 
"slow1* smooth bend to cause change of direction of the 
dust-laden air0

The salicylic acid crystals for use in sampling 
filters were prepared by making a saturated solution of 
salicylic acid in boiling water o The liquid was filtered 
hot and allowed to cool to about 50°Co* the supernatant 
liquor was then poured off and the crystals retained 0 If 
allowed to cool much below 50°C, the crystals have been 
found to be too large for use0̂ 8^

With the fan set for an air velocity of 100 cm0/seCo, 
and the dust—injector set to eject into the centre of the 
duct, the tunnel filling the middle groove of the dust-plate I9
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and allowing a few minutes for conditions to become steady, 
the dust was sampled at flee sections,

The sampling sections were *-
(i) Just In front of the half-area mixing baffle $
(11) JUst in front of Thermal Precipitator If 
(ill) 1 metre beyond the spray mosaic*
(It ) 3 metres beyond the spray nozsle;
(v) JUst in front of Thermal Precipitator IIo

At each of these sections, simultaneous sampling of 
dust was carried out for an hour at each of the corresponding 
five positions at each section, viz. at the centre, 7,62 oas0 
either way and 15o24 ome. either way from the centre 
(dividing the horlsontal diameter Into six equal parts). The 
filter was weighed before and after the experiment.

The results are shown in Table 3-2 and are 
represented graphically In Pigo 3-9-

Rii imll iup section Dust Concentration mgm/ou.m. |MWW SAUU
H o c In the duot Distance of sampling point from the tunnel wall.

v w V2D V? 5/6®
1 _ Just before &/£* 

baffle v
1 X 6 . 2 1 5 4 . 0 1 5 3 . 0 1 2 2 . 8 1 3 1 . 6

2 JUst before T o P o l 6 2 . 9 6 2 . 5 6 9 . 2 5 8 . 8 6 1 . 0

3 1  mo beyond spray nossle 4 9 . 8 5 5 . 5 | 6 4 . 6 5 3 . 1 4 9 . 2

4 3 mo beyond spray 4 8 . 5 5 5 . 4 6 1 . 6 4 9 . 5 4 8 . 9

5 Just before T « P « 2 4 5 . 5 5 0 . 8 5 8 . 9 4 4 . 4 4 4 . 8
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F IG .3 .9 . DUST D ISTR IB U TIO N  IN THE TUNNEL

---------------- Section ju s t  before D/J2 baff le

__o o  Section just before thermal precipitator I

—a— o— Section 1 metre beyond the spray nozzle 

_  + —  + _  section 3m etres  beyond the spray nozzle

150-

14.0-

100-
9o-

70-

50-

5o-

10-

y3D
Sampling position across the duct
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The results showed relatively uniform concentration 
of dust across the tunnel-dections beyond- the baffle plates , 
although there was some decrease in the concentration of 
dust, as it passed along the turned towards the outlet , end.
The dust-distribution pattern in the tunnel after the baffle 
plate was in keeping with the velooity distribution pattern* 
since in all the sections beyond the baffle plates, the 
maximum concentration of dust appears to be at the axis of 
the ttinikel.

The large diminution in dust concentration between 
section 1 and section 2, l«e0 in crossing the baffles, oould 
be attributed to the impaction of large dust particles on 
the baffle and their subsequent fall-out. On average the 
results of Table 2 show that the extent of the removal of 
dust by these baffles was about 52# of the material 
Injectedo The particle slse of the material removed at 
this point was found to lie between 15 H and 53l*» This was 
consistent with results on the efficiency of impaotlom on 
discs, shown by Stairmand^®^.

Considering only dust concentration changes beyond 
the baffle plates (Sections 2 - 5 )  It can be seen that the 
dust concentration decreased by about 14 mg/ou.m. as the 
dust cloud travelled from Section 2 to Section 5 along the 
tunnelo This rate of decay of concentration of air—borne 
dust with distance along the tunnel is shown in Pigo 3ol0 
and the fall-out amounts on an average to about 3.2 per cent
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of the original duet concentration per metre length of 
travel along the tunnel*

At any one seotlon, the dletrlbutlon of duet oon- 
oentration across the tunnel at the turbulent velocity 
of 100 cmu/sec* is found to be uniform, with a standard 
deviation of about 5, ae shown in Table 3*3,

Ball-out of dust Rlmyr
Seotlon
ffOo Mean dust 

ooncg|«mg/eu«flu
Standard Deviation 
of dust conog* Percentage 

removal of dust 
(cumulative)

2 62o9 3*48 -
3 54*4 5*57 13*5
4 52*8 5*06 16*05
5 48*9 5*51 22*25

fffrcWiimte of duet fall-out: There are at
least six transport ateohanisios which could aooount for the 
removal of air-borne dust as it flows in air suspension along 
the tunnelq These are t-
lo A thermal gradient force produced by friction at the

(90)tunnel wallo This can be neglected here as Persies 
has shown that such deposition in turbulent flow at 
100 onio/seeo is less than a factor of 10 ^ of the 
total depositlcno
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20 Deposition due to eleotrloal charges on the dust 
partleles« This also oan be neglected since Dawes 
and Slack have shown that suoh eleotrloal foroes 
need only be considered when the partioles have 
already been brought to within a few partlole 
diameters of the wall by some more widespread mechanism* 

3o Deposition by the action of gravity in a turbulent
alrstream, Any partiole travelling along the centre 
of the tunnel is liable to be deposited by the gravity 
force in turbulent stream within the length of the 
tunnel and this must be one of the major deposition 
processes, accounting for the diminution in dust 
concentration along the tunnel*

4q Deposition by eddy impaction* If a laminar sublayer
is postulated’ next to the wall, only partioles greater 
than 35 microns in diameter are found to be deposited 
by eddy impaction at an alrstream velocity of 100 co/sec* 
Since the partioles in the experiments were up to 
53 micron in diameter, it is suggested that this meohanism 
may have accounted for a considerable proportion of 
dust deposition along the tunnel*

5p Brownian deposition. This nay be disregarded, since
It is known to be not more than VlOOO**1 of the total 
deposition for partioles above 1 mi cron,

60 Turbulent 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 falls to 
explain fully the fall-out mechanism, since turbulent 
motion of dust particles within this laminar sublayer 
has been observed by Page and Townend^92  ̂within 0o5ii 
from the wallo Hence it is possible that the transport 
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 cuu/sec,) to the wall takes 
place by turbulent diffusion,,

On average 9 the dust deposition rate beyond the 
baffle plates was of the order of 1 mgm/mmo of air/metre 
length of tunnel 9 viz0 3<>2# fall out/metre length of 
tunnelo

5o 2»4. Thermal Precipitator Sampling t 
Simultaneous air-borne dust samples were drawn into the 
two thermal precipitators set in the tunnelo This 
experiment was carried out at three air velocities with 
the dust machine adjusted to give a suitable dust 
concentration0 The number concentration of dust partioles 
was evaluated on the automatic particle counter described 
laterp and the results shown in Table 3o4*
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Simultaneous dust concentration at two points in tunnel 
as determined by Thermal Precipitator*

Air Velocity cmo/seco Dust eonco at ToPolo
P»PoC o C o

Dust cone*, at T o P o 2 0
P o P o C o C o

Difference in dust conco
p  o P  OCo C  0

Removal of dust 
*

75 1 4 4 7 1 4 2 0 2? I 087
200 1030 1020 10 0o97
450 6 4 0 6 2 8 12 la&t

It is apparent that the number concentration of dust 
particles as sampled by ToP, has not decreased to any great 
extent 9 unlike the weight concentration as measured by the 
filtero 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 removal0 There 
is also the point that the ToPo has a very low efficiency 
for dust particles outside the range 0 - 20m sod that, 
although there is settlement of large dust particles down 
the length of the tunnel? from the point of view of the 
ToPo which only collects particles in the eise range that 
conoems us? there is no significant change in dust con* 
centratlon between the ToPo points. Since the same ToP’s 
were used in the dust suppression work described later? 
changes in dust concentration recorded by them refer only 
to changes in the sise range which they samplee
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HKgTSM) OF MEASPREMEira Qg PARTICLE SIZE

A.I.- Introduction
A recently developed automatic method of mlorosooplo 

else analysis based on meohanloal scanning together with 
photoeleotrio detection and high-speed-pulse oounting, was 
adopted the measure the particle sises and to oount the 
masher of dust partioles in the samples taken hy thermal 
precipitator o

Visual counting of partioles has always been a slow 
and tedious process in which the observer has continually 
io make judgments about individual partioles , correot for 
focus 9 allow for edge effects and variations in opaolty* and 
Systematically evaluate the population* remembering each 
partlole as it Is oounted* Even when the operator has 
been trained for visual counting* and the slse and shape 
of particles are comparatively uniform? subjective errors 
are involved

In visual countingp moreover* measurements are 
carried out on a series of randomly selected fields, taken 
to be representative of the whole sample 0

m  the autcoatlo counting method, the 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 partlole sises can be made without ambiguity o 
In this way the potentially high counting rate of an 
electronic system can be exploited 0
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/fti Ae\
Various methods of automatic size analysis are known/ 

and the work of Hiawksley et0a l . ' ^  has resulted in the 
oommeroial manufacture of an "Automatic Particle Counter 
and Siser" by Oasella (Electronics) Ltd,, London/®*^

The Casella machine utilises the technique of wide 
track scanning, which is said to have the following advantagesg-

(i) No critical timing circuits are required to.measure 
"intercept lengths”« The particle produces a voltage 
pulse, whose measured amplitude is proportional to the 
amount entering the scanning sllto 

(11) The instrument can be set to suit the optioal 
characteristics of the material to be analysed *

Ao2 , Theory of Partf ^  s^fng and Counting bv t^cv ec^mitu^ 
In this sis lug technique the number, length and height 

of pulses from intercepted particles are found and the number 
of particles per unit area and their sise distributions are 
obtained therefrom*

The significance of particle interception by a track 
is shown in Pigo 4d, where it may be observed that there 
are three types of intercepts t
(a) partioles, of sise x less than the track width w and 

projection h equal to x, lying wholly within the track*
(b) particles, of any sise x and projection h, falling 

partially within the track |
(a) partioles, of projected sise x greater than w and

projection h equal to w, lying wholly across the track*
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Suppose that an illuminated field of well-separated 
oiroular particlesp of eonstant optioal density* is seaxmed 
by a slit-shaped aperture of length w and negligible breadth. 
A photo-cell behind the aperture is set to record ehaages in 
light flux as the slit intercepts partioles in the spanning 
tracko She peak heights of the pulses are then proportional 
to the projections h* while their durations are proportional 
to Idle intercept lengths y . She total number of pulses is 
equal to the total number of partioles Intercepted. If the 
pulses are fed to a pulse amplitude discriminator that records 
only those pulses exceeding some preset height* the reoorded 
number of pulses is equal to the number of projections h 
exeeedlng a value h * s* corresponding to the setting of the 
amplitude discriminator»

In counting* the number H of partioles per unit area is 
to be found from observation of the number (p of pulses per 
unit length of scan. The number of intercepts (f>(w)9 obtained 
by soannlng a length L of the specimen with a slit of width w 
sad of sensitivity * given by

(W) * H (W — 2S ♦ I) Jj 0 0 0 9 * 0  (l)
where H la the number of particles overs iso s and J is the 
mean sise overslse s. By sensitivity s# is meant that a 
partlole must enter a slit by an amount h > s to be 
recovered (see Pigo 4ol).



FIG .4 .1 .INTERCEPTI0N OF PARTICLES BY A TRACK SCAN !

1 ~~
“f  "p. y— *|-x = Ji

w ,  t r a c k  w id t h  ; x ,  p ro je c te d  s ize  of  p a r t i c le ;  y , in te r c e p t  

l e n g t h ; h, p ro jec t ion  o f  p a r t i c le  w i t h in  t r a c k ;  ^ p a r t ic le s  

( x < w )  who l ly  i n t e r c e p t e d ;  2 , p a r t ic le s  in te rc e p te d  by one 

edge; 3, p a r t ic le s  (x>w ) i n t e r c e p t e d  by both edges .
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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,

H - 4(»g> - 4>(wi) o>## (2)
(w2 - wl) 1

A straight line graph with slope equal to XKL, is 
obtained, ^ (w) is plotted against w for a constant 
value of s. The graphs are shown in Fig. 4.2.

In the Instrument, intercepts greater than s are not 
directly recorded, but instead pulses proportional to 
fractions of w per unit length of sean. The maximum pulse 
ooours when the slit w is completely obscured. An amplitude 
discriminat or.» which can be set at any desired fraction p, 
is used to select the pulse heights,, Where <J> (w) is a count 
of all pulses greater than the fraotion p which has been set, 
P x w • I, Therefore equation (1) can be written as

<j)(w) « H [ w(l - 2 p) + I) I oo.o (3)
The sise distribution of particles in respect to their 

projected sises is f(x), so that

}  r ( x )  dX * 1 .oo. (4)
a

the limits a b are the smallest and largest partioles
respectively o The sum of all the partioles between the 
limits a < x < b is H per unit of area.
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The procedure is to obtain a number of s lines, 
eaoh suoh that si < z2 < S3 ... < sN. The classification 
into n sise grades requires n s-llnes, as shown in Fig.4o20
4.3. Description and operation of the Oounter

The 5~>6hannel Automatic Particle Counter is shown in 
Plate III along with the schematic diagram of the instrument 
in Pig. 4o3« The console unit can be considered to be 
comprised of 3 blocks s (1) Left Bottom block, having the 
main power supplies for the amplifier and amplitude 
discriminators o (2) Left top block, having in the bottom 
panel the main amplifier and Amplitude Discriminator control 
unit, tuning indicator and Amplitude Discriminator Dial JSfo.l 
and in the other two panels, four other amplitude discrimina­
tors and their tuning indicators. (3) *op right block 
consists of five defcatron registers for their corresponding 
Amplitude discriminators situated in the top left block.
(4) Bottom right block has a writing table and also houses 
the supply unit for the microscope lamp, and (5) Central block, 
which is the microscope and stage unit and stage control unit.

The filament lamp type of illumination gives a high 
light intensity when using Kohler’s system of illumination 
and also uniform illumination over the field of the object.
The light intensity is such that good signal to noise 
relationship is obtained for slit sises below a micron in
width.
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FIG.4.3.SCHEMATIC LAYOUT OF AUTOMATIC PARTICLE COUNTER

Slit W  and image plane\
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lamp fllame.nl —  &
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ObjectiveI mage of 
a m p  filament

DiscriminatorAmplifier

Stage
control

Gati ng 
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As a first step, a programme data sheet Is drawn 
up, by selecting size levels (e), track widths (w) and 
discriminator dial settings (p) over the size distribution 
in question* A specimen programme sheet for counting and 
sizing of particles in the size range 0.5 - 4o0 n is shown 
in fable 4olo

If the size levels (z) chosen 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 
setting of the track is necessary for each z, p combination. 
The efficiency of operation can therefore be increased, by 
achieving a minimum number of slit resettings, oomblned with 
a fixed series of discriminator dial settings. 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 traok width 
nebessary for each z stands in the sample progression. In 
the example given, it oan be seen that, about 3? different 
dekatron readings pertaining to size levels 0<>5, loO, 1<>4» 
2o0, 208, 4o0 and 5.7 microns can be obtained, with only 
10 different slit settings and therefore the time consumed 
in scanning is highly reduced.

Operations- 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



sfl Programme sheet for 5 channel-unit APC 
Objectiveo®2 mnuOil immersion? Ocular x 6 5 Mag, x54 0

Pi p2 P3 p4 P5 Slit
Width

Microm,
Setting
10-wxM

1000

Dekatron
Reading

0=8 0=625 9*663 687

0=5656 0=884 9*523 1200 j
0=5 0 0  4 1=250 9o325 1990

0=2828 1=768 9*046 2995
- 0=2 2=500 80650 4475

0=8 1=250 9 c>325 498
0=5656 1=768 9*046 949

loO 0o4
0=2828

2=500
mamtutknaxtim raa .iiw ifn i

3*536
80650

"8=091
166?
2701

0.2 5oOOO 7=300 4180
0=8 2o500 8=650 414

0=5656 3*536 8,091 1140
2 = 0 Oo4 5oOOO 7=300 2162

0=2828 7 o070 6=183 3534
0=2 10=000 4=600 5545

0=8 3=536 1 8=091 387
0=5656 5=000 7=300 790

8 0 8 3 0=4 7o070 6=183 | 1304
0=2828 lOoOOO 4=600 2085

0=2 L4ol40 2 = 365 3162
0=8 ' "  r ... 5o000l 7.300 250

0=5656 ” i —  ~ i 7*070 1 6=183 437
4oO 0=4 LOoOOO 4=600 740

0=2828 L4ol40 2=365 1105

Slide Referenceg- 2JP2A
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to 7<>8 amperes,, The slide is now mounted on the 
reoiproeating stage, which allows the scanning slit to 
be loeated 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 focus on a 
small screen, just in front of the gate and 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 0 with dear filter 
and 100 with opaque filter, by the use of "Set nln." 
and "Set max." controls located adjacent to it. Keeping 
the meter reading sere? and using clear filter Hool, 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 aster 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 operator, reverses automatically 
after 20 scans, takes a track differing by 50 microns from 
the original to come forward to the starting position 
after 20 scans. The length of scanning is 10 nm. The 
slit la 4 y obscured by particles and if they
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produce a pulse greater than the discriminator set Talus,
It is reeorded an the dekatran unit. The procedure is 
repeated for different slit settings»

The overall magnification H of the optical system is 
always measured using a stage micrometer,,

1.1 Mwuntifur of slid** for oounting In nloroso<qgr «h* 
visual observer repeatedly adjusts the focus of his micro­
scope to keep the particle field in sharp focus, a procedure 
which cannot be carried cut during automatic scanning* 
Therefore it is very important that all the partioles over 
the dust strip are uniformly in good focus, to obtain a 
correct count* That that the cover glass, on which
the dust strip is deposited in thermal preoipitators, must 
be laid exactly parallel to the micro-slide, which is mounted 
on the reciprocating stage* A method of ensuring this has 
now been developed ̂  ̂and was used in all worie reported
here* Green's tissue papers are cut to 2*5 cm* square with 
1*6 cm* diameter circle in the centreo A thin strip of the 
paper is laid flat on the microslide, using a dilute glue 
solution* When it is dry, the dusty oover-slip is glued on 
to the tissue paper, sure that the dust strip is at
the centre of the circle o This paper insert effectively 
holds the glass surface parallel*

In order to evaluate the dust on the thermal 
precipitator slides, various sise-distribution programmes



and different arrangements of objeetive and ocular were 
tried o It was finally decided to utilise a magnification 
of 540# produced by a 2 mom. oil immersion objective and a 
x6 ocular# together with a \fi programme in the range 0.5 to 
5067 microns. To prevent the oil^^# used for immersion of 
the objective# penetrating through the tissue paper Into the 
dust strip# cellulose lacquer was applied to the circumference 
of the cover-slip to seal the edge.

Ao5 Specimen oaloulation of size distribution*
A dust-strip obtained from thermal precipitator II with 

the dust-machine and the air velocity adjusted to give a dust- 
concentration of about 1000 p.poCoO. in the tunnel# is used 
in the illustration whioh follows. The else distribution is 
evaluated in the alse ranges 0?5 - l<»0|i# 1 - 2n# 2 - 2.8311 
and 2083i* - 4ho

Prom the recordings of dekatrons# graphs of w against
<£(w) are plotted# for the programme of Table 4ol as shown
in ?igQ 4,4 and the else distribution shown in Table 4*2.

Artiolaa oversise s ■ QoS micron
Hoo of particles per unit area of dust strip on cover glass

above 0.5 micron « 0<w2)
(w2 -

where L la the total length scanned (800 am*)
Substituting# the no. of particles per unit area

a 44 x 1000 x 1000 0 2 #500
11 2 800
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She photoonltlplier counta partlolee only within 10 z 2 
■ 20 ■q.a.n. ana on tha duab-otrip of the oover glaaa.
* fotal Ho. of partlolee above 0.58 * 2.500 * 20 - 50.0000 O

Hence, dost concentration la partlolee /ou.oa. of air

Vol. of air aaapleA
» 1112 p.p.o.o.

thie ole e-dlstributlon of partloloa la given In Table 4.2.

2ABHS 4.2

A t SfVKP.

>1.0|t
85711802500

152

81ao range I 0.5-l.Om l-2p

229588
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.4.6— SIM. ftKcmwaw of wcnerlaental coal-dust inlaoted 
HM jfWWWli.
Several representative samples of the dust were with*

*

drawn iso-kinetioally, through salloyllo sold filter, from 
the air at different seotlons of the tunnel, mixed, end a 
representative sample prepared for oountlng under the 
automatic partiole oounter, as described in Chapter 5* An 
average else frequency representative of the experimental 
coal-dust, Is given in Sable 4*%

n m
toerage Size ftwawaar 1b  the expexflsentaOoal-rPuat

%

SiseBangs OoS-laOp 1*0-2»5p 2*5-5*Op >5P Total

BtmberPercentage 42*96 51o46 9p40 16*13 lOOoO

and the cumulative Sise Jrequeney Is shown la Pig. 5.1.

4.7 The effect of nhnnrm at opacity OP duat-oount
So investigate the effect of change of opaoity on the 

duat-oount, several dust strips with dust concentrations of 
«*>out 1000, 1500, 2000, 2500 and 3000 partioles per ou.om. 
°f air were prepared «™s oountsd at different partiole 
oounter "filter mothers", I.e. for different values of 
opaoity.



If the dust-strlp was exactly parallel to the stage, 
all the. particles over the dust strip would be in sharp 
focus and the selection of opaoity value eould be easily 
and correctly made* On the other hand, if all the partlolee 
oould not be brought to sharp focus at the one setting, the 
smaller particles were preferentially brought to focus, 
since the correct counting of smaller particles mattered 
more* In such cases, the opacity of the material might 
well vazy over a range, which could make necessary the 
random selection of one of three filters,

in the specimen Chosen, the opacity of the material 
as measured ranged from 72 to 84$ and therefore necessitated 
the use of one of the filters numbered 6, 7, or 80

The effect of variation in opacity from 65$ to 100^
was studied for different dust-strlpa and the results for%

one cover glass are shown in Pig* 4*5® It is apparent that 
the error introduced in counting by altering the filter 
number by one either way from the oorrect one, ioC© Hoo7, 
ia not significant* In this ease, the average error is only 
about 30 popoOoOo for a concentration of about 1100 p»p,c,o« 
The dust counts, however, diverge from the truth more 
rapidly* if the error in percentage opacity exceeds + 6# 
doe* by more than one filter number either way from the 
oorrect opaoity. This is well illustrated in Pig® 4.5* It
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1b therefore obvious that oare should be taken In 
selection of the proper filter to suit the opacity of 
the material counted 0
A*8_ A n s 3j»ia Q{ Variance for, th» Autoaatlo Partiole
Counter.

Four factors could be envisaged 9 which might 
contribute to signlfioantly erroneous dust~counts made

uby the Automatic Particle counters 
(a) The dust-atrip not being exactly parallel to the 
stage9 (b) errors due to the changing of amplitude 
discriminator settings9 (o) errors in the placing of 
the slide under the microscope and (d) errors due to the 
change In opaoityQ

Since the dust-strip is set parallel to the stage 
and the amplitude discriminators are set at the same 
values each tlme9 factors (a) and (b) do not normally 
ariseo

To study the interaction of factors (o) and (d) and 
their effect on dust-counts, a specimen slide was oounted 
at three different opacities (one normal and one on either 
side of it) o The plaoiag of the slide was then disturbed, 
placed again in position and again counted * This was 
repeated at four more plaolngs and the results obtained 
shown in Table 4»4<>
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9AXTX 4*1

Dust Counts p«p*o»o«

m t e r Percentage for 1 ftwn
u 3 B TotalKOo opacity V T T T T *5 *6

8 84 (0̂ ) 1067 1082 1097 1112 1162 1017 6557

7 78 «fe) 1112 1U0 1123 1152 1234 1038 6769

6 72 (Oj) 1097 1087 1105 1123 1180 1021 6613

Total • O 0 19,959

To oaloulate the variance between opacities and 
within sampless
(i) Total sum of squares (crude)

• 10872 + 11122 + 10972.... ♦ 10212
- 22,135*829

(ii) Crude sum of squares between opacities
- l£2aj£̂ -lSp22L±-L6§i22i
- 132.5^.379 - 22,090,896

(ill) Oorraotion du* to M a n  * (!Wi9)2 * 22,086,873 

(iw) Total sum of squares » (i) - (iii) ■ 48*95$
(▼) Sum of squares between opacities « (ii)-(iii) « 4023 0
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m M J h S
Analysis of Variance Table

Source of variance Degrees of Freedom Sum of Squares Variance

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

It would appear therefore that the error introduced in 
counting Is ±  0o5&
4»9 Conclusion

The Automatic Partiole Counter is thus found to offer 
many advantages over visual countings 
(a) it covers all the particles on the thermal

precipitatar-dust—strip and so it is more reliable 
anfl more representative of the dust—concentration at 
the sampling polnto

^ § 2 2  « nos and



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 la done more quickly, and 
Heavier concentrations of the order of 4000 p<>p«e»Oo 
do not present any problems* (2,0 - 605 x 10* partiole 
density) *



5o A METHOD OF OCBRELATIHg THERMAL PRECIPITATOR DOST-SAMPIBS 
Vim SA1ICYLIC-ACIP-PIMBE PPST-SAMPDES.

5.X Introduction
In British mining practice, the standard procedure for 

assessing the concentration of air-borne dust at any point 
involves dust sampling by thermal precipitator and expression 
of the dust concentration as a number of particles per c*o* of 
air* She efficiency of the thermal precipitator is claimed to 
be 100$ for particles below 10 |i in diameter and somewhat less 
for particles above that slse* Hence it was felt that an 
independent gravimetrio sampling filter should be employed to 
sample the dust the dust concentration by weight in the 
usual slse ranges should be compared with that of the thermal 
precipitator dust strip for the same experimental conditions * 
Shis assessment by weight y calculated on the basis of the 
density of the dust particles, would also give a correlation 
factor, which might take Into aooount the eeoentriolty of the 
particles in the thermal precipitator dust strip* She method 
of gravimetric m m fi+ng employed for these experiments was 
discussed in more detail in Chapter 3°
5*2 She Effect of direction of Waggle on dust
collection in itravlw*iyio sampling*

So obtain a representative sample on the bed of 
•alicyiie M i d  crystals, it was essential to maintain iso­
kinetic sampling of the dust-laden air-stream, by the use of



a calibrated flaw^meter* Y7ith dusty air flowing down the 
tunnel at an average velocity of 100 cm<>/seCo* sampling of 
dust was carried out simultaneously over a period of one 
hour on the axis of the tuzmel at two sections - vis* 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 metres 
beyond the spray nozzleo The dust concentrations* calculated 
on the basis of amount of dust sampled* are shown in 
Table 5do

TABLE 5d
The effect of direction of sampling nozzle on dustcollection.

Position of sampling nozzle
Concentration of dust. mg./cu0m*

Pacing upstream 680O
Perpendicular to the airflow 6I08
Pacing downstream 34o4
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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 nozzle should be facing 
upstreamo It is thus enabled to collect all the dust that 
might be flowing into it iso-kinetioally. The nozzle 
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 the sampling tube0 
The nozzle facing downstream has a very low sampling effic­
iency , only collecting 50# of the dust drawn into the tube, 
when facing upstream 0

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

After a dust sample had been collected, the salicylic 
add filter bed (see Flgo 2.8) was removed from the oontalner 
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 minutes. 
This interval was calculated from Svedberg's modified



78o
Stokesc equation^**^ to be suitable for the sedimentation 
of a 0o4 mleron dust partiole in the centrifuge tube.
After centrifuging, the supernatant liquid was decanted, 
the tube again filled with ethanol and centrifuged a 
seeond time. The process of centrifuging, decanting and 
adding more ethanol was repeated six times in all, to make 
sure that all particles bigger than 0.4 |i had been retained 
in the centrifuge tubes. The collected dust was finally 
suspended in a small volume of ethanol, the liquid washed 
into a small basin and evaporated to dryness In an oven.
5o4 Preparation of Slide for counting under AoPoC.

A fTesh suspension of the dust particles was made in 
ethanol and a few representative drops of it were transferred 
to a microscope slide by means of a pipette. Four slides 
were made with one, two, three and four drops on them^®^. 
The solution was allowed to evaporate for some hours and 
when dry, the slides were mounted in the usual manner and 
the partlolee 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 
slides and the number percentage size frequency of the dust 
sampled by the gravimetric filter is given in Table 5©2o 
From 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.Co and taking a mean sise for each sise range 
and a maximum of 10 p for the range > 5 H (Table 5.3).

TABLE 5.2

Humber Percentage Slse Frequency Af Anm±

Sise Range 0.5-l.Op 1.0-2 »5u 2o5-5.0p >51* Total
Salicylic add filter Bust sample

42.96 31.48 9o40 16.15 100.00

T«Po Bust sample 61.12 26.62 7.45 4.81 100.00

For the same experimental conditions, the T.P. slide 
was counted elsed under the Autooatio Partiole Oounter. 
The average number percentage sise frequency of the thermal 
precipitator dust sample is also shown in Table 5<>2, and 
again knowing the total number of partlolee in each sise 
range and their density, the weight of dust In each sise 
range was calculated within the same limits. The resulting 
weight distribution is shown in Table 5.4.

The cumulative number sise distributions corresponding 
to Table 5©2 are given in Figo 5.1.

/



TABLE 5.3

Salicylic Acta Filter Sampling
Dust concentration by weight (experimental) and 
proportional weights In various slse ranges (calculated) .

Size Range Number £ 
Size
Preauenov

Wto36
Rust concentrations mg./ou.m.

Run 1 Run 2 Run 3 Mean

Total 100 100.0 62.3 6lo7 53.9 59.3

0.5-l.On
1oO-2o5h
2o5-5oOp

42.96
51.48
9.40

0o24
1<>93
7ol8

0.1498
1.202
4.47

Ool401
lol9
4.435

0ol292
lo04
3o87

0ol422
ld44
4.255

< 5.0 |i 83.85 9.35 5.84 5.78 5o05 5.56

> 5.0 |i 16.1$ 90 065 56o46 55.92 48085 53.74



TfTPm? Sampling

Calculated weight concentration of duet in ToP. slide 
based on the density of ooal partlolee (1.279 g./o.o.)

SlseBangs
1*

Fumber jt 
SiseFrequency wt.jt

Dust concentrations og./ou.a.
Bun 1 Run 2 Run 5 Kean

Total p.p.o.Co 876 1153 1315 1114

0.5-1.0p 
1.0-2.5p 
2.5-5.Op

61.12
26.62
7.45

0.79
4.35

12.06

0.1532
0.694
3.262

0.1856
1.265
3.538

0.2818
0.785
2.098

0.2065
0.915
2.966

< 5»0 p 95.19 17.20 4.09 4.985 3.215 4.09

> 5.0 p 4.SL 82.80 18.25 16.095 14.15 16.165

Total 100.00 100.00 22.34 21.08 17.365 20.26
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5.5 PiB0Mg«*«n Method, of arriving a* the correlation 
factor Tc«

A8 can be seen from Table 5*2 and Fig* 5»1, the thermal 
precipitator would appear to be more effioient in collecting 
partide8 less than 5h In diameter* The number percentage of 
dust > 5 (i retained by the gravimetric filter is 16 Q15 9 while 
the ToPo had collected only 4«81# of similar dust under 
identical experimental conditions»

Table 5*5 is drawn up by correcting the weight percentages 
in the salicylic aoid filter sample to a "hypothetical ToPo" 
weight percentage p by multiplying each weight by the ratio of 
the appropriate number percentage of the ToPo sample to that 
of the gravimetric sample • Thus the weight concentration of 
dust > 5 |x is seen to be reduced from 53*74 mgo/cuom 0 in the 
actual salicylic a d d  sample (Table 5*3) to l6o02 mg«/ou«mo 
in the "hypothetical ToPo" samplso (Table 5*5)t vis*, in the
ratio 16*15 s 4.81 „

This antioipated proportional weight concentration of
dust in the ToPo dust sample, (Table 5*5)» calculated from/ *
the salicylic - a d d  - filter dust sample on the basis of 
tbs ratio of sise frequencies, compares well with the weight 
of dust in the actual ToPo slide, calculated on the basis of 
the number of particles in each else range and the density 
of the dust (Table 5*4)o It can be seen that the proportional 
Might of dust < 5 |i in the 'hypothetical ToPo9 slide, as 
extrapolated from the weight concentration of actual
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gravimetric sample mas 4«55 mgo/cu0m*f whereas the 
calculated weight of dust in the actual ToPo slide was 
4o09 mgo/cUoSio The anticipated value for the weight of 
actual ToPo dust samples agreed quite well* even in the 
range > 5 m  ioSo l6o02 mgo/cu0m0 as against the actual 
I60I65 mgo/cuomo

The total weight of dust anticipated in the thermal 
precipitator5? which was based on the actual weight of dust 
sampled in the gravimetric filter and the proportionate 
aise-frequencies9 was 20o578 mgs/ouom99 while the calculated 
weight of dust from the actual ToPo slide was 20o26 mgo/cuom0 

The figures in Tables 5o4 and suggest that there 
is not much eccentricity in the particles sampled by the 
thermal precipitator* since the figures* calculated on their 
assumption of spherical particles* agree very well with the 
anticipated weight 0 The correlation factor is worked out in 
Table 5.5 to be lo0214o

There thus appears to be a very good correlation 
between the dust samples obtained from salicylic aoid filter 
bad from the thermal precipitator and by the above method*
** is possible to predict the results that will be given by 
one sampling method* through the use of another*
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6._ MEASUREMENT OP DROPEET SIZE IK Him PRBSSTTRTI SPRAYS -
iii Introduction.

The purpose of spraying in duat-suppression systems is 
to disintegrate a continuous jet of liquid into a multitude 
of small droplets, so that the volume of air swept by the 
liquid is greatly increased. Generally , sprays drops 
travelling at high velocity from pressure-atomise re are 
known to have a higher collection efficiency for dust 
particles, than when falling at a lower speed under gravity0

A liquid can be atomised merely by discharging it into 
the atmosphere under high pressure through a small orifice 0 
Such a device is known as a plain atomiser and has quite a 
small cone angle subtended by the spray cone, since little 
tangential velocity is imparted to the liquid o 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 thla way has a larger 
cone angle and consequently 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 through the plug of the swirl — nozzle. The following 
work was done with such a 'solid - cone* spray nozzle.

Various workers 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 systemo The variables can be 
considered in terms of s (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 
dischargedo

The first group of variables include (i) the diameter 
of the orifice9 which controls the area of jet surface for 
a given volume of liquid , (ii) the spray cone-angle, which 
is a measure of the ratio of the tangential and axial 
components 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 
dischargedo

In the present work the degree of atomisation of water 
caused by a nsolid — cone* nozzle was determined in the 
pressure range 35 «2 — 210o9 Kg«/sq0cm<> (500 ~ 3000 p<>8»iego)o 
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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6.2 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 
pump motor and a water by-pass valve o All the connections 
were made in heavy gauge 3*2 mm. O'/S”) IoD© copper tubing 
and all joints were welded or brazed«

A detailed drawing of the “solid-cone spray* nozsle used 
in the experiments is shown in Figo 601© It was similar to 
those used in domestic swirl atomisers for spraying 
insecticides. The nozzle consisted of two parts, a grooved 
plug screwing into the nozzle cup© Water was discharged 
through the space between them, along the helical
groove of the plug ftT̂  out through the orifice drilled in the 
outer cup. in the oase of the solid cone spray, the liquid 
was also dlsoharged through a 0o5 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 characteristics of the nozzle are shown in Table 6.1 and 
the throughput curve for the nozzle is shown In Figo 6020



FIG.6-1.THE S O L ID -C O N E  SPRAY NOZZLE
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TASTJ8 fi.-l
Characteristics of 'solid—cons * spray nozslo. 
Diameter of the hole in the plug ». 0.5 nan.

NozzleHefoNo.
OrificeDiameterDo „  cma o

Orifice/ Orifice length / dlamo FlowNumber
m

fieanOoeffiolent of Disoharge Cd

AcneAngle

1 0o0510 0o360 0.408 O068 40°

isi— Methods of <nr-borne droplets
She f ollowlng difficulties are Inherent in any attempt 

to obtain a representative sample of airborne spray droplets
(a) The high discharge velocity of the liquid yet0 The 

curve relating the Injection pressure to the discharge 
velocity of spray Is shown In Figo 6<>3 and It oan be 
seen that the discharge velocity Is of the order of 
5»000 onu/seco* even for an injection pressure of
35*2 Kg0/sq»cm» (500 poSoi.goK

(b) The large range of slses involved0 The droplet else
may vary fTom < 20 microns to > 200 microns0

(o) The changes in droplet else with time and dlstanoe
travel due to droplet impactp rupture* and evaporation

A number of so-called "direct1* methods for the 
determination of the slse of spray droplets were Investigated 

a spray pressure of 8<>5 Kgo/sq»omo



The methods considered were t~
(i) Immersion method 
(11) Gravimetric method 
(ill) Impression method usings

(a) MagneBlua Oxide layer« and
(b) Carbon layer.

In all oases it was found necessary to restrict the 
number of spray droplets failing on the target in order to 
prevent overlapping and aggregation. This was achieved by 
restricting the time of spraying at the target by means of 
a shield* incorporating a shutter capable of a speed of 
0o005 secondso The spray had a penetration of about 4 metres 
and was therefore plaoed horizontally* while the targets were 
plaoed horizontally below the nozzle at suitable positions.
(1) Immersion Methods

In this nathod as d*aerlb*d by Hunter^65' the 
were oollected in a shallow petrl dish (about 5 cm.dia.) 
containing the immersion liquid. To prevent the droplets 
felling 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.

Light kerosene (density .? 0.79 gm./mli viscosity ..
1*32 oentipolse) was chosen as the immersion liquid.

About 80 droplets were collected in eaoh sample and 
they were then measured using an optioal microscope with a
calibrated eyepiece.
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This method has the advantage that the true droplet 
slses are observed sad measured directly. Its several 
disadvantages , however, include the fact that there Is a 
time limit Imposed on measuring and counting of droplets 
due to ooalesoenoe and evaporation. Moreover, the technique 
oannot be applied successfully to coarse sprays, because 
large droplets hitting the liquid surface even at small 
distances, still possess relatively high momentum, whloh may 
oause them to split. On the whole It is a tedious and time 
consuming process and errors in the judgement of droplet 
else tend to creep in.
(11) Gravimetric Method t

The target in this case was a piece of paper of suitable 
texture, whioh had previously been weighed. After spraying, 
it was re-weighed to find the total weight of droplets whioh 
had landed on it. The droplets were then counted by means 
of a microscope in order to find the average droplet weight, 
from which the average droplet else was calculated o

In praotloe the best paper was found to be graph paper 
(quadrille ruled medium cream wove - 24 lb.), as the squares 
in it facilitated the counting, Addition of a little of 
Potassium Permanganate to colour the water droplets was also 
found to facilitate counting0 An allowance was made for loss 
la weight due to evaporation of water from the paper. A series 
cf weighings were 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 tine was extrapolated back to 
sero time.

The gravlmetrlo mat hod had the advantage that it was 
not necessary to measure the else of each droplet. Also* 
after the Initial weighing had been done, the aotusl 
eountlng did not need to be hurried. The disadvantage, 
however, resulting from possible failure to oount all the 
droplets In the sample could not be disregarded.
(ill) Impression Methodt

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

(a) Magnesium Oxide Layer; 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 ®n* 
ribbon 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, whioh could be 
viewed under a microscope by strong transmitted light.

This method had the advantage of permanency and there 
were no evaporation or ooalesence problems to consider, 
gay(103) foimd froo kiS droplet size measurements of "very
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nearly homogeneous” sprays from a spinning disk sprayer, 
that the ratio of true droplet else to impression else .Is 
constant at 0o86 for droplets > 20p for any liquid.

(b) Carbon Layer: A fine layer of oarbon was 
obtained on a miorosoope slide by holding it over a sooty 
kerosine flame. The droplet sailing procedure was the 
same as for the magnesium oxide method 0

In this case also the ratio of impression sise to the 
true droplet else has been investigated, and found to be 
1.05.(63>
6q4 Average Droplet Sise.

The sprays under investigation were 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 whioh would be 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.DoS.). This 
average is simply £ H D^/E V. The Introduction of this 
AoDoS. is equivalent to the replacement of the actual spray 
composed of droplets of different sises, by a fictitious 
spray in which all the droplets are of the same sise equal 
to the AoDoS.
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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 number of impressions might be oounted by AoPoC., 
the value of A0DoS0 given by it would be in error, since the 
upper sise limit above 90o5 microns could not be clearly 
defined and assessed; and there were many droplets whose 
diameter was greater than 90.5 microns (the maximum sise was 
about 220 ji)o The lowest magnification, whioh could be 
employed was ( x 2? ) and with that, the s values were 
16, 32, 45<>3, 64 and 90<>5 microns« Hence visual counting 
was resorted to for droplet sise measurement in subsequent 
experiments o

A Beck Optical Microscope with cut eyepleoe fitted with 
a calibrated linear scale was employed for counting and 
eising of the droplets. A combination of an ocular (x 6) 
end 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 else 
measurement, the AoDoS. was obtained for sprays projeoted by 
a pressure of 8o5 Kgo/sq.cm. by sizing and/or counting 
500 droplets or impressions. The results, after applying 
the necessary correction factors, are shown in Table 602o
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U S O L^ ,

Average Droplet Size of Sprays o 
Comparison of sampling methods.

Sampling Method AoDoS^icrons
Immersion method 127 «0
Gravimetric method 95 06
Magnesium Oxide Impression method I64.0O
Carbon layer Impression method 170o0

It is seen that the values of AoDoSo obtained by the 
immersion and gravimetrio 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 momentum, 
thus causing an Increase in the number of smaller droplets 
and henoe a lower A ©Do So In the gravimetric method, of 
course, failure to count all the droplets could have resulted
in a lower AoDoSo

The results from the two methods of impression 
sampling are found to agree within the limits of experimental 
error0 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



break up when wet, and it provided a better light contrast 
between the impressions and the surrounding black medium®
605 The effect of Spray Pressure on Droplet Size.

The spray unit, described in 6*2 was used to give a 
uniform injection pressure at the nozzle, whioh could be 
caried over the range 35 - 210 Kgo/sq*cm. (500 - 3.000 poS*i0g 0) 
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 seconds0

Each target, consisting of a microscope slide oovered 
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, 3o65 and 4*58 metres from the 
nozzle 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 A0D®So was then obtained at each pressure, 
by finding the arithmetic mean diameter of these 480 
impressions 0 The results are shown in Table 6*3 and the 
relationship between the injection pressure, the theoretical 
discharge velocity of the spray and the AoD*S* is shown in 
Fig* 6*3o

Degree of atomisation, as characterised by A0D0S0 may 
be seen to increase with increase in the injection pressure 0 
It appears that there, is not a significant reduction in A0D*S* 
at pressures higher than about 150 Kg*/sq0cm0 (ca0 2000 p<,80ij.
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TABT<E6q3

Effect ot aprav pressure on Discharge Velocity and A.D.S. 
Carbon layer Impression Method - Optical Microscope Sizing

Spray Pressure Theore­tical Pisoharge . Yelooity om./aeo.
AoDoS.
I*

Log P Log APSP.S.l.g.

500 35.15 5.640 98.5 1.5459 1.9934
600 42.18 6,180 93.0 1.6290 1.9685
750 49.56 6,900 88.5 1.7220 1.9469
1000 70.3 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 147.63 11,560 64.O 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



A relationship connecting Log F and Log AoDoSo ie 
shown in Figo 6o4» and it is evident that the logarithm 
of the injection pressure of spray la inversely proportional 
to the logarithm of AoDoS, The best straight line linking 
the experimental points has a gradient of ( - 0o28)e Thus 
one relationship between the characteristics of spray and 
and the variables of the injection system oan be given as

AoD.So - K. P“°«28 
The relationship data has been discussed in detail in 609o

606 The effect of spray pressure on Droplet Size Distribution.
A number of teats were made to determine at various 

pressures the uniformity of the spray and the droplet size 
distribution* The technique was as already described 0 
Droplet impressions were counted and sized over a wide 
range o The pressures investigated were 35 ©15* 70«3 and 
147o63 Kg*/sq0cmo (500, 1000 and 2100 p.s.iag*)* The results 
are given in Table 6C4 and the size distribution curves are 
drawn for the three pressures in Fig* 6*5®

It oan 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 |i« It can also be inferred by 
comparison with Fig* 6®3» that the improvement in atomisation 
with increased injection pressures is not only due to the 
decrease in the size of the smallest droplets, but is also
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W i d i

Broplot Size Distribution In High Prsssurs Sprays0

Pressure 
Po8eio£o !• kgo/sq.cm*- 500 

35 ©15 1000 
70 ©3 2100 147 ©63

Mean else of droplet, u Percentage by number of each mean alee

14©3 2<>7 5*5 6*1
2806 6*1 10o7 15 ©0
42 o 9 7©5 13 ©1 20©3
5 7 o 2 10©5 14©1 18*5
71o5 llc6 12*1 12*7
85o8 12ol 10©3 8*3
lOOol llo5 80I 6*2
114© 4 9©5 5©8 4©3
128*7 7o0 4© 5 3©1
143 ©0 5©3 3©3 2*0
157©3 4o0 3©0 l o 2

171*6 3*3 2©6 1©0
185 ©9 3d 2o4 0©6
200*2 2*9 2o 2 0©3
214© 5 208 2ol 0o4
£ K D P 9850o1 8284©6 6396*6
2 H 100 100 100
AoDoSo ■ SHDp/SH 98o 5 82 *9 64©0
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accounted for, by an increase in the number of small droplets 
(< 100 (i) and by a decrease in the number of large droplets 
(> 100 n) o The sprays are generally found to be very 
heterogeneous in character, especially at pressures loser 
than 70o3 Kg./sq.cm. (1000 p0seio)o This heterogeneity 
may be attributable partly to the mode of atomisation in 
the spray cone.i
6o7 The effect of sampling distance on A.D.S.

To determine whether there was a change in the A0D.S0 
with length of spray path, the spray was operated horizontally 
at a pressure of 70o3 Kg./sqocm. (1000 poSoi.g.) and targets 
were suitably placed at a number of distances from the 
nozzle in the path of the flying droplets.

An assessment of A o D o S .  at the sampling positions 
indicated that there was no significant change in the value 
of AoDoSo along the length of spray up to about 2.7 metres 
from the nozzle and at a greater distance there was a 
slight progressive decrease in AoDoSo up to the total penetrat­
ion of the droplets of 3.7 metres. The mean AoDoSo up to 
2e7 metres was about 80 microns0 At 3<>7 metres the A»DoS0 
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 dlstanoe before 
impacting on the wall it may be considered that the droplets
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suffer little change in diameter during their dust 
collecting flighto
6«8 Relationship between energy supplied and energy used 
up in atomisation.

Huntercalculated the energy supplied for atomisation 
for spray pressurea up to about 5 Kgo/sqocm® and compared 
it within the wHwirmnn energy required for atomisation# The 
study of the relationship was extended for spray pressures 
up to 200 Kgc/eqoem. (C.2800 pyedog#) in the present work 
and Table 6#5 gives the summary of the calculations for 
energies in hi^a-pressure sprays„

It may be easily seen that with increase 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
penetrative power#

The relationship between logarithm of Bp and logarithm 
of Sa may be easily seen to be linear, since Bp is directly 
proportional to the spray pressure P and Ba is inversely 
proportional to the average droplet sise AoDoSo The graph 
connecting Dog P Dog A0D#S0 gave a straight line with a 
gradient of (~ 0o28)«



ittfiXSLliiArtL 
Bnaianr for atoHsatlon

Pressure BP
x Krergs/oa.

Bk
x 10*ergs/an.

100 Ba
PoS.log. ' kg/aq.cm. Ep

500 35.15 34,500 44.40 0.129
600 42.18 41*400 46.98 0.114
750 49.56 51,750 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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6q9 Determination of a functional non-dimensional
relationship between the characteristics of the spray 
system and the Average Droplet Size.

The method of dimensional analysis has been used 
by several investigators to establish the relationship 
between the different variables of an injection system and 
the characteristics of sprays produced« Fraser, Eisenklam 
and Dombrowski^^^ found the following relations between 
the properties of the liquid and the atomiser to hold s

If this is applied to a particular orifice and a particular 
liquid sprayed into air, it reduces to

D a 1CU p(~!/3) or p = KoP*~°°53*P P

A general formula of the nature = KoP~n had also 
been established by many other workers in this field 0 
Heedham^^3 ̂ found the index n to have a value of -0o275, 
while Joyce obtained a value of -Oo35<> Both were
derived from results of experiments with swirl atomisers 
®nd with continuous injection and using the method of 
substitute liquids for droplet size measurement. Molten 
wax of viscosity about 2<>5 centistokes was used as a 
substitute liquid.
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Muraszew^1^ ) analysed data regarding swirl and 
plain atomisers discharging different liquids into the 
atmosphere and found the value of n to be 0o42o He 
included plain atomisers in the determination of this 
valueo

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

Dp * KoP*“0<>28*

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 AoDoSo is largero

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

Kow Re - VL. Pp. Pl

•» kloV*
> k2o P1//2

or P « k3oRe2   a)
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We have already established from experimental results 
that

A.D.So = ko p(”0°28)
i - s Wor P * k-o(AoDoSo) /p\4 000*00 V.*- /

Prom (1) and (2) 1
P =k.(A„D„So) » kjRo

(- 2 x 0o28)
Hence AoDoSo s K» He

= K. Ho< ^ M

A graph connecting logarithm of Re and logarithm 
of AoDoSo will give a straight line with a gradient of 0o56o 

Thus this non-dimensional relationship
AoDoSo ■ Ko Re^-0'’56^

could be very useful in predicting the average size of 
droplets from sprays*
6*10 Smr»maT»Y-

Droplet size measurements were carried out successfully 
at high pressure ranges (35ol5 - 210 Kgo/sqocm*) by the 
oarbon layer impression method and the following relationship 
was found to hold good

Dp « Ko p("°<>28)
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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 14006 Kg9/8q0cm«) 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 suoh measurement, since droplet size ranges 
over 900 5 could not be definitely grouped Q

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

( - 0 o 5 6  )
A0D0S0 b Ko He
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To,.... EFFECT QF HIGH PRESSURE AQUEOUS SPRAYS ON DUST
SUPPRESSION.

7 el 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«

(62)Earlier workers had sprayed air-bome dust with 
aqueous solutions of several wetting agents and found that at 
pressures up to 4° 4 kg0/sq0cmo an improvement in the dust- 
suppression efficiency did not appear to resulto 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 particles0 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 assessed, and it 
would be helpful to correlate the characteristics of the 
sprays and the dust suppression efficiency0 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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?j>2 ^Initial 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. 
The nozzle chosen was that already used for the droplet-size 
measurements, (Nozzle Nod 5 see Table 7o6)0

The tests were made in the tunnel, with the air 
velocity set at about 100 cm,/sec, and the dust machine 
adjusted to produce an air-bome dust cloud at a concentra­
tion of about 1500 P 0P0C0C0 Water was sprayed through the 
hollow-con© spray nozzle 1 upstream on the axis of the tunnel 
against the dust-laden air stream. The effect of spray 
pressure on dust suppression efficiency was studied 
quantitatively at 8 different atomisation pressures 0 At 
each pressure, when conditions 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 T0P0 dust samples were then counted under the 
Automatic Particle Counter and the results obtained are 
shown in Table 7olo

Similar tests were then carried out with the same 
nozzle and at the same spray pressures, this time using a 
"drowned91 spray (Plug I in Nozzle l) and the results
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showing again the percentage of duet particles knocked 
down, are also tabulated in Table 7ol„

It may be seen from the table0 that the efficiency 
of dust suppression increased with increase 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 spray0 Both types of 
spray showed similar gradation in the increase of dust 
suppression efficiency with the increase of spray pressure 0 
Also it appeared that the maximum dust suppression was 
effected at a spray pressure of about 140o6 kgo/sq0cm0 
(200 poBoiogo) with both nozzles, the efficiency being 
480 5 per cent in the case of the hollow-cone spray and 
about five per cent higher for the solid-cone sprayo

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 0 
This is well illustrated in F i g o  7 * 1 ,  in 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
8uppre8sion0

It may be seen from F i g o  7 o l  that the inorease in 
dust suppression efficiency obtained with solid cone sprays
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is relatively insignificant, considering the increase 
in water usageQ It is interesting to note that mrvrimum 
efficiency seems to have been achieved with both hollow 
cone and solid cone sprays at I4O06 kgo/sq0cm0, 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 sprayso

Comparison of dust suppression efficiencies 
obtained with those found by Deehpande^-^ using the same 
nozzle indicate that although the maximum dust suppression 
efficiency was achieved at the same spray pressure 
(I4O06 kgo/sqocmo), his values were generally somewhat 
higher0 This may be due to the lower velocity of the dust- 
laden air^stream, at which he carried out his experiments, 
(60 cnto/seco), as is evidenced from the author’s results 
on the effect of air velocity on dust suppression, 
discussed in 706 and 7o7o
7s5 Selection of Surface Active Agents0

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 suppressed0



Hunter showed that above a certain value 
of applied pressure the degree of atomisation* achieved 
by using solutions of low surface tension* was similar 
to that obtained using water0 Only at very low pressures 
(< 2 Icgo/sq0cme,) was any improvement gained by lowering 
the liquid surface tension* Glen^^ found that the 
inclusion of surface active agents in the spray solution 
did not result in an improvement in the dust suppression 
efficiency when the liquid was sprayed at pressures lower 
than 4o3 kgo/sq0cm0 It was therefore decided to investigate 
at higher pressures the 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 : one is
characterised by its affinity for* and solubility in* 
water and is called the polar or "hydrophilic® group? the 
other part has a strong affinity for oil or water—insoluble 
organic substances* and* consequently* is known as the 
non—polar or ^hydrophobic9 group<> In the wetting agent 
solution* it is claimed that these molecules orient



themselves with the hydrophilic end of the molecules 
in the interior of the droplet and hydrophobic end at 
the surface o One wetting agent within each of the three 
generally recognised classes was selected for the 
subsequent experiments on dust-suppressiono They were 
as follows(^07)

(i) Hon-ionlc Type: Lissapol IT0 which is an
aqueous solution of nonylphenol ethylene oxide 
condensatep containing a polyethylene glycol 
chain and is represented by

R - 0 - C2H4 ( - 0C2H4 - )no OH
(ii) Anionic Types Calsolene Oil HS9 which is an

aqueous solution of the sodium salt of a highly 
sulphated oil 5 and

(ill) Cationic Types Fixanol C* which is anhydrous
cetyl Pyridinium Bromide

(i) and (li)p which were liquids* were readily 
soluble in cold water9 while (iii)9 which was a brown 
soft solid 9 dissolved more quickly in hot water than in 
coldo

Br



It was decided to produce sprays from aqueous 
solutions of these surface active agents# having etatlo 
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 concentration of a particular surface agent in 
water was determined by means of the du HUoy tensiometer i108 ̂ 

This instrument measured the static surface tension 
by finding the force neoessazy to detach a platlnum-lrldluo 
ring# 4 omQ in circumference 9 from the liquid surface 0 
She ring was suspended from an arm fixed to the middle of 
a torsion wire0 The front end of the wire was linked to 
a vernier pointer whloh moved over a soale calibrated 
directly in dynes/om0

The results showing the lowering of surfacev tension 
obtained with Increasing concentration of the agent in 
water are plotted in Figo 7«2. From these curves the 
concentrations of the surface active agents to give 
surfaoe tensions of 60# 50 <*nd 40 dynee/cmo are tabulated 
in Table 7o20
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gAB£EL7o2
Surface Tension of Surface active agent solutions

Type Surface active agent solution Concentration in gms/100 c0c0

Surface Tension (dynes/cm*) s 60 50 40

Won-ionic
Anionic
Cationic

Llssapol N 
Calsolene Oil HS 
Fixanol C

Oo00066
Oo00133 
0o0004

O0OOI6
0o0094
OoOOl

0.0085
O0O8
0o0415

It may be seen from the curves that concentrations 
of surface active agent less than Ool# by weight0 were 
sufficient to lower the surface tension from 72o8 dynes/cm0 
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 agents 0
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2o-4- Tests 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 
agent 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©

Air velocity in the wind tunnel was set at about 
100 cm©/sec, and the dust concentration was about 
1500 poPoCaCo The same nozzle (Plug 1 Wozzle 1 solid- 
cone spray), as used for experiments with water sprays, 
was used and when conditions were steady in the tunnel 
and in the spraying unit, dust sampling was carried out 
before and after the spray by thermal precipitators 0 
The dust samples were then counted under the Automatic 
Particle Counter and the results obtained are shown in 
Tables 7o3» 7o4 and 7o5°

Xt may be seen from the tables that the increase 
in spray pressure up to 140o6 kg/sq0cmo increases the 
dust—suppression efficiency, for all the types of 
solutions sprayed. Comparison with the efficiencies 
using water (Table 7d) indicates that efficiency has
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shown signs of increase with lowering of surface tension*, 
the dust suppression efficiency in fact reaches the 
highest values, when a solution of surface tension of 
40 dynee/csto is sprayed 0

Among the types of surface active agents9 the 
oationio type Fixanol C showed higher values of dust 
suppression efficiency 9 than the other types 0 A maximum 
of 59o05 per cent was obtained for Fixanol 0 solution of 
surface tension 40 dynes/cmo9 as against 53 0 6 per oent 
fox: water at 140 0 6 kg0/sq<>cmo

Fixanol C would appear to 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 agent8e A 50 Co0o (40 dynes/cmo) solution in 
water of each of the three surface active agents was 
prepared, and placed in a glass graduated cylinder0 
50 CoCo of water was placed in a fourth cylinder*, 2 gme0 
of experimental coal dust were placed on each liquid/air 
interface in the cylindero It was found that the dust 
partloles were wetted first by and sank first to the 
bottom of the cylinder of the Fixanol 0 solution* The 
relative wetting power 9 judged in this semi—quantitative 
way was found to be in the decreasing order of magnitude 
*9 follows s Fixanol C9 Calsolene oil HS9 Lissapol K 
and water o



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 o
7*5 Effect of change of throughput at constant pressure 
on dust suppression efficiency

The water throughput of sprays can be varied at 
constant spray pressure by either of the two ways g 
(i) 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 sprays0 Both 
the methods were utilised to find the effect of change of 
throughput at 140<>6 kgo/sq0cmo on the dust suppression 
efficiency o

For hollow-cone spraying, six nozzles were tested, 
including Nozzle 1 used in previous experimentse For 
solid-cone spraying, four plugs were tried in Nozzle 1, 
including plug 1 used for droplet size measurements 0 The 
characteristics of the hollow cone nozzles and solid—cone 
spray plugs are given in Tables 7<>6 (l) and (ii) and the 
throughput curves are shown in FigSo 7©3 snd 704©



Table 7,6 ft)

NqzzI^ characteristics for hollow-cone sprays

Nozzle 
Ref 0

Orifice Diameter D0 cm0

OrificelengthOrifice
diam0

Plow Noo 
PR ° a

Coneangle
( O )degrees

1 0 o 0 5 1 0 o 3 6 0 o 2 7 2 5 0 « 4 5 2 5 0

2 0 o 0 9 2 O o l 4 9 0o 3 1 8 0o l62 60
3 0 d 0 8 0 d 4 2 O o 3 7 4 O 0I 38 7 0

4 0o l 31 0 d 3 4 O o 5 7 4 5 O o l 4 4 7 5

5 O d 5 4 0 o l 0 7 0 o 7 2 9 O o l 3 3 8 0

6 O 0I 65 0 o 0 7 7 O085I 0 o l 3 4 110

Table 706 (il)
Plug characteristics for solid-cone sprays 

Nozzle NOol
Plug
Ref0 Dia0 of hole in plug 0 cm 0 Plow Noo

W Cd
Cone angle 
d££E£g£L«---

1 0o05 0o408 0o68 40
2 0 o062 0o461 0o7 66 37
3 O0O78 O06 Oo995 33
4 O 0O85 O0636 lo05 18
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Fixanol C solution of surface tension 40 dyne s/cm 0 
was sprayed at a pressure of I4O06 kgc/sqocmop the spray 
nozzle facing upstream along the axis of the tunnel 0 The 
air=>velocity in the tunnel was adjusted to 100 cnio/seco 
and the concentration of dust was set for about 1500 p0p0c, 
When conditions became steady9 dust sampling was carried 
out before and after the spray and dust suppression 
efficiency calculated from the difference in the dust 
countso Four solid cone plugs with Nozzle 1 and six 
hollow cone spray nozzles were tried in turn at the spray 
pressure of I4O06 kgo/sq0cm0 and the results obtained are 
shown in Tables 7«7 (l) and (ii)o

As may be seen from the table 9 the dust suppression 
efficiency is found to increase with increase in throughput 
at constant pressure o 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 tunnelo

For example 9 for nearly the same throughput of 
about 2 085 litres/mlno from hollow cone Nozzle 4 sad solid 
cone Nozzle 1 Plug 4* the dust suppression efficiency was 
higher for the solid cone (67 per cent) than for the 
hollow cone (60o5 per oent)0
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A graph connecting the throughput and the Iefficiency is shown in Figs 7<>5o There seems to exist 
a linear relationship between the throughput and the 
efficiency9 for any particular nozzle and nature of spray 0 
On comparison with Figo 7 d *  it is evident that the rate of 
Increase in dust suppression efficiency is more pronounced 
with increasing spray pressures up to 14006 kg/aqocm0 
using the smaller nozzles*, than with higher throughputs 
at I4O06 kgo/sqoCmo obtained with bigger nozzles0 It 
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 <-.
luS Effect of change of air velocity at constant spray 
Pressure«

Theoretically9 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 &ir9 and the liquid 
droplet issuing against the dust laden air stream from 
the spray nozzle o To investigate9 by quantitative 
measurement, the effect of change of air velocity at 
constant spray pressure*, the following experiment was
carried out0

The velocity of air in the tunnel was first set 
at 50 cmo/seco and the dust machine was adjusted to give
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FrG.7-6.EFFECT OF AIR VELOCITY ON DUST SUPPRESSION

H ol lo w  cone Nozzle 2 ; Spray pressure 140-6Kg/sqcm
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a duat concentration of about 1500 p<,poC«c<, PJbcanol C 
solution of surface tension 40 dynes/cnia was sprayed at 
a pressure of 140c 6 kge/sq0cm0 through Nozzle Noe 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 ffrom the Automatic Particle Counter, the dust 
suppression efficiency was calculated 0 The test was 
repeated under the same conditions, but by changing the 
air velocity in turn to 100, 175» 250, 375 and 500 cm0/sec0 
The results obtained are shown in Table 7o8a

Prom the results, it is surprising to note that the 
efficiency decreased rapidly, with increase in air velocity0 
The dust suppression efficiency dropped from 62 0 5 per cent 
at 50 cmo/seco to about 10 per cent at 500 cm0/sec„

In practice with spraying in the tunnel, it was 
found on inspection that the spray cloud was considerably 
deformed and the spray cone reduced in size at higher air 
velocities o Thus the initial penetration of the greater 
number of the droplets was reduced and a proportion of 
the dusty air could bypass the spray0 This effect is 
illustrated in Pigo 7ol0o

The graph connecting the dust—suppression efficiency 
end the air velocity in the tunnel seems to indicate a
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linear relationship (Fig0 7<>6) and It appears that 
there is a drop of efficiency of about 108 per cent 
for every 10 coie/seco Increase of air velocity 0
2»7 Discussion of results.

It was found in general, that.these small high 
pressure sprays were able to remove a considerable 
proportion of < 10 n air-borne coal dust from the air in 
the wind tunnel (up to a maximum of about 70 per cent, 
depending upon the spray liquid, nature of spray, spray 
nozzle and spray pressure employed and the velocity of 
air-borne dust in the tunnel)* The results are best 
considered under their appropriate sub-section headings* 

Effect of spray pressure s (Tables 7°1U 7°3, 7o'4 
and 7o5* Pig* 7ol)

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 gradual increase in the dust suppression efficiency, 
with increase of spray pressure up to 140o6 kg/sqocm* The 
maximum efficiency seems to have been reached at a spray 
pressure of about 140 kg/sqocm0 and there appears to be 
a slight reduction in the efficiency beyond this spray 
pressure*



When all the results for the Tabiee 2 and 5(0) are 
plotted together, an approximate proportionality appears 
to exist between the dust suppression efficiency of the 
particular nozzle and the logarithm of the liquid spray 
pressure (PigQ 7o7h It ie evident from the tables and 
graph that there is not much to be gained, in increasing 
the spray pressure above I4O06 kgo/sqoCm* It was already 
shown in Chapter 608, 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 sheen later, there appears to be an optimum 
spray pressure of about 140 kgo/sq* cm0, beyond which the 
additional throughput of sprayed liquid does not contribute 
towards any significant increase in dust suppression 
efficiencyo On the contrary, it only helps to reduoe 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

(i) the angle which the spray cone subtends at the 
orifice (the cone angle) 1
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(ii) the liquid flow-rate 9 which increases as the 
square root of the spray pressure5

(iii) the Initial velocity and penetration of the 
spray droplet* The latter will, in praotloal 
cases, depend on the velocity of the oncoming 
dust-laden air stream, and 

(iv) the average droplet size produced by the spray 9
It has been shown^2  ̂that for the nozzles employed 

in these tests , the cone is fully developed at a pressure 
of about 100 p P 8 o i o g o  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 velocities and this makes 
the difference between the oone angles of the nozzles 
employed 0 insignificant for all practical purposes o

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 
liquid droplets ejecting out of the spray nozzle » one might 
expect the dust suppression efficiency to vary approximately 
as the square root of the applied spray pressure. In Fig* 
7«8f the logarithms of all pressure variation results for 
nozzle 1 (hollow cone and solid cone water sprays 9 and
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FIG.7-8.EFFECT OF SPRAY PRESSURE ON EFFICIENCY

Nozzle 1

3— ©- Water spray, hollow cone

•x— Water, soli d cone, plug 1

’— •— F ixano l  c aq-( 4 0 dynes/cm) 
solid cone, plug 1 /
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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 Oo3B5 can be drawn through 
the points» thus giving a general relationship between the 
spray pressure and dust suppression efficiency 0

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 pressure 0 

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)”0”28
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 Jftrmber of droplets per minute «= 1 0 p(0°5+0o28)

. k o P (0d78)
Thus if the dust suppression efficiency were 

dependent on the number of droplets produced per minute*
i.Vit should increase as the (0o78) power of the spray 

pressure o This is quite high in comparison with the 
experimental results which show that the efficiency 
increases only as the (0o385)th power of the Spray 
pressure (Pigo 7o8)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 orifice 0

Effect of solid-cone spraying :{7°2$ Table 7ol# Figo7d)
Comparison is made between hollow-cone spraying and 

solid-cone spraying in Table 7«1 and Pigo 7«1° Using the 
same nozzle (Ho0 l) 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 140o6 kgo/sqocmo* while it was 4805 for the hollow 
oone spray o

The graphs showing the relationship between the 
logarithm of spray—pressure and the logarithm of efficiency
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are shown in Figo 7o8 and it may he 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 
sprayso

It was to he expected that the solid-cone spray 
would give a better dust suppression efficiency* because 
for the same spray pressure* the solid cone spray nossle 
had a throughput about lo5 times that of the hollow cone 
nozzleo The increase* however* in dust suppression 
efficiency with the solid-cone spray* does not greatly 
justify the large increase of throughput of the spray0 
Whereas 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 8prays0 As may also be seen from the dust-water 
ratios calculated later in this Chapter* the number of 
particles of dust knocked down per c0c0 of liquid sprayed 
is actually lower for the solid-cone spray* than for the
hollow-cone spray0 (Figs© 7ol2 and 7<>13)°

Effect of surface active agents s(7o4* Tables 7*3#7o4t7«5)
The results shown in Tables 7̂ 3» 7«4 and 7o5 seem to 

Indicate that in general the wetting agents give a small 
Increase 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 14006 kg ./sq.cm©

Of the three surface active agents* the cationic 
type - Fixanol C - gave better results than the other two0 
At the spray pressure of 140© 6 kgo/sq0cmo* however* the 
dust suppression obtained by using Fixanol G solution of 
surface tension 40 dynes/cm© * was 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 Lissapol N about 3 P © r  cento 
It would seem that the use of surface active agents is not 
very advantageous from an economic point of viewo

These results suggest that measurement of the air— 
solution surface tension alone does not indicate the utility 
of a wetting agent o Adhesion tension is necessary to oause 
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 film of air on the surface of the coal dusto 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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FIG.7*9. EFFECT OF SURFACE TENSION OF SPRAYED

LIQUID ON DUST SUPPRESSION 

Nozzle 1 solid cone ( plug 1 ) ; Spray pressure-140-6  kg/sqcm

— cd— o—  Fixanol c aq- (cationic)  

— x—  c a ls o le n e  Oil aq-(anionic)  

— •—  Lissapol N aq(non-ionic )
1-78-

1-77-
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1-74
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1-801*751*55 1701*651*6
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immereional wetting and spreading wetting is o
The results in Tables 7o3*7o4&7<>5 »e«n to indicate 

that the wetting power for coal of the cationic type of 
wetting agent - Fixanol C - is higher than that of the 
other twoo A graph connecting the logarithm of surface 
tension and logarithm of dust suppression efficiency 
with these wetting agent solutions at a spray pressure 
of 14006 kgo/sqoOmo is shown in Fig<? 7o9 and there seems 
to be a general relationship between the surfaoe tension 
of sprayed liquid and dust suppression efficiency* as 
given by

E a ~̂n* .... (2)
where n * O0I65 for cationic surface active agent,

n « O0IX8 for anionio surface active agent*
and n ■ 0o074 for non-ionic surface active agent*

Hence combining (l) and (2), E a
The increase in dust suppression can be attributable 

only to the greater wetting power of the solutions 
sprayed* since it has already been shown that at 
higher spray pressures* reduced surface tension does 
not produoe any significant effect on atomisation©
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Effect of change of throughput at constant 
presBuregf705a Table 7o7; Fig« 7*5)

As might be expected, there is an increase in dust 
suppression with increase of liquid throughput (Table 7<>7$ Pigo 
7o5)« It is interesting to note that the rate of increase 
in dust suppression efficiency is higher for the solid 
cone (with the increase of diameter of hole in the plug), 
than for the hollow cone nozzles 0

It may be seen from the figure that the rate of 
increase of dust suppression efficiency with throughput 
was nearly constant at constant spray pressure0 The 
figures were about 6 per cent increase for every additional 
litre/minute throughput for the solid cone nozzles and 
about 3o7 per cent inorease per litre/min0 for the hollow 
cone nozzles <>

The greater efficiency in the case of solid cone 
nozzles may be due to the deeper penetration of droplets 
by virtue of the higher axial velocity of a high proportion 
of the droplet8 in the issuing jet0 Consequently, there 
would be less deformation of the spray pattern by the 
counter current air flow©
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Effect of air velocity in the tunnel? 706*
Table 7o8, Pige 7o6o

With the liquid sprayed upstream? one would expeot 
that Increase In air velocity should contribute to an 
increase in the dust suppression efficiency? as the 
relative velocity between the liquid droplet and dust 
partible is thereby increased* The results in Table 708 
show that in the wind tunnel this did not in fact happen* 
Prom Pigo 7o6p it may be seen that there was a steady drop 
in the dust suppression efficiency with increase of elr 
velocity in the tunnel o The efficiency whloh stood at 
62o5 per cent with the air velocity of 50 cmo/seOo dropped 
down to 9*14 per cent? when the air velocity was increased 
to 500 cmo/seOo» i0e0 a decrease of about I08 per cent for 
every 10 cmo/seco increase of air velocityo

Inspection of the effect of the flowing air on the 
spray cone provided a clue to this unexpected variation 
It could be seen that the deformation of the spray cone 
Shortened the forward travel of the droplet? so that the 
overall size of the cone was reduced,, This effect is 
Sketched in Pigo 7d0* Owing to this deformation? dusty 
air was able to bypass the droplets*



FIG.7-10.EFFECT OF AIR VELOCITY ON SPRAY CONE

( a )  Low a i r  velocity

Spray nozzle

air  f Iow/

( b) Medium air veloc i ty

(c) High a i r  veloc i ty
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Effect of spraving #yn size distribution of 
duet8

As can be seen from PIg0 I*!!, the reaidual duet 
was, like the initial dust* counted under the Automatlo 
Partiole Counter in five size ranges - 0.5 — loOp, 
loO *•* 2o0m 2o0 2085|i9 2085 ** 4o0(i and 4<>0 — 5o66|i0
In general9 about 75 per cent of the partloles greater 
than 5 066 microns in diameter were removed and about 
65 per oent of the particles of size 0.5 - 5066 miorona0 
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 particularly selective in suppressing any one size 
range of dust over the ranges counted.

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

remove a certain amount of dust from air is of value* when 
spray capacities have to be decided upon the when talcing 
into consideration the nuisance created by wet conditions 
in a particular operation.) The volume of water
required may be assessed by calculating a dust-water ratio. 
The ratio chosen in this work was the number of partloles 
of coal dust knocked down per c.c. of atomised watero
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This seeming inconsistence of units may be tolerated, 
since use of any larger, more practical volume units 
such as the litre or gallon results in a very large 
number for the final ratio value. If a density la 
selected for the coal substance together with an average 
particle diameter, one may calculate the weight of coal 
dust removed from air suspension per litre of liquid 
sprayedo

The dust-water ratio calculations are tabulated 
in Table 7o9 and the effeot of throughput on dust-water 
ratio is Illustrated in Figs0 7»12 and 7ol3o It is 
worthy of note that the dust-water ratio is higher for 
a hollow-cone spray than for a solid cone spray and the 
rate of decrease of the ratio with increase of throughput 
is more or less the same, irrespective of the nature of 
the spray device and the liquid sprayed.

This would appear to underline the fact that 
increased throughput does not result in a corresponding 
inorease in dust suppression and that there is little to 
be gained (from the point of view of dust-water ratio) by 
increasing the orifice diameter of the nozzle to obtain 
high throughput at high pressure 0
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80 EFFECT OF TANDEM SPRAYING ON DUST SUPPRESSIONQ 
80I Introduction^

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 cmo/seco there was some deformation of the 
spray coneG It was thought that the bad effects of this 
deformation could be reduced somewhat by placing a second 
spray cone behind the first* i0e0 a two stage spraying 
systemo Prom this idea grew the conception of "tandem” 
spraying* i0e0 the arrangements of a number of equally 
spaced nozzles all set on the axis of the tunnel* one 
behind the other and all spraying counter current to 
the dusty air flow0 When the distance between nozzles 
was fixed 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 o 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 sparying would also indicate whether any increase 
in dust suppression efficiency gained by tandem spraying 
was gained at the price of excessive water usage o
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802 Experiment a with tandem sprays „
Owing to the limited capacity of the pump the 

nozzle with the smallest orifice diameter* Nozzle 1* was 
chosen for the tests. Even with that nozzle* tandem 
spraying with six nozzles was found to be limited to a 
pressure maximum of about 1 4 0 o 6  kgo/sq0cm0 ( 2 0 0 0  p*s.logo) 

The throughput of sprays* from one to six nozzles in 
tandem was measured during the experiments and cure shown 
in Table 80I and Fig® 801<> It was found that with two 
Identical nozzles in tandem* the spray throughput at any 
constant pressure was not twice that for a single nozzle o 
This was confirmed for tandem spraying with 3* 4* 5 or 6 
nozzleSo It may be seen from Table 801 that the tandem 
spraying (with identloal nozzles) was aooompanied by a 
nearly constant increase per nozzle in the relative 
overall flow number (loe0 oaloulated by setting the How 
number of one nozzle « loO) for each additional nozzle in 
tandem (about Oo35)o

Experiments with single nozzle have been described 
earlier (7o2)0 Preliminary tests with two nozzles in 
series indicated that the second spray could effectively 
operate without interfering with the first spray* if His 
second nozzle was placed behind the first nozzle* at a
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distance not less than 15 cms0 Since the nozzles could 
not be too near the second duet sampling point f it was 
decided to set the distance between any two adjacent 
nozzles at 15 cmso The arrangement of nozzles for tandem 
spraying is shown in Figo 8<>2o The stems carrying the 
nozzles could be easily corrected for orientation and were 
easily detachable from the main water feed plpeo

In the first instance two nozzles were placed in 
tandem facing up~8tream<> The air Velocity was set to 
100 cmo/eeco and the duet concentration in the wind tunnel 
was about 5000 poPoOoCo Water was sprayed through the tandem 
sprays at a constant pressure of 35ol5 kgo/sq0cmo When 
conditions in the tunnel and spraying unit became steadyf 
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 Particle 
0ounter<> The tests were repeated at a number of higher 
pressureSo

Such tests were repeated for arrangements of threef 
four, five ftwfl six nozzles in turn and at similar values of 
applied pressure» A summary of the effect of spray 
pressure ^  the effeot of number of nozzles in tandem on 
dust suppression efficiency is given in Table 802o 
Tables 8<>3 (a), (b), (c) and (d) give detailed accounts
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of the data obtained for two=nozzlep three-nozzle*
four-nozzle* five-nozzle and six-nozzle arrangements 0

As may be seen from Table 802* there is a significant
increase in dust suppression efficiency* with increase in
the number of nozzles in tandemQ It is interesting to note
that the increase in dust suppression efficiency with
increase of spray pressure shows a similar gradation for
any number of nozzles in tandem0 The maximum dust-
suppression efficiency {for the tandem sprays up to
4 nozzles in tandem) appeared to have been effected at
about 140o6 kgo/sq0cm0 Owing to the limited capacity of
the pump at higher pressures it was not possible to test
this point more fully 0

In general 0 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 diametero For example* at 140o6 kgo/sqocm0 spray
pressure* a single spray nozzle gives an efficiency of
4805 per cent (7o5) as against 68 per cent* given by
4 spray nozzles in tandem0 The increase in throughput*
as may be seen from Table 801* is only 1 Xitre/min0 Thus
the rate of increase in dust suppression is about
68 - 480*5 a 6o5 per cent for each additional nozzle or 

3
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19©5 per cent per an increase of 1 litre/min0 throughput o 
This is quite high9 compared with about 4 per cent increase 
obtained (chapter 706) by changing the throughput at constant 
pressure by varying the nozzle diameter0 This would indicate 
that an increase in throughput by having a number of small 
diameter nozzles in tandem is much more effective and 
advantageous^, than employing a single nozzle of greater 
diameter o

8q3 Discussion of Resultsa
The results are best considered under the following 

headings
Effect of spray pressure and number of nozzles in 

tandem on dust suppressions (Tables Q029 803 (*)»G>)#(<*)#(d)$ 
FigSo 8o3 and 8*4)

A graph connecting the logarithm of spray pressure and 
the logarithm of dust suppression efficiency is shown in 
Plgo 8o3 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 tandemo Between the spray 
pressures of 35ol5 aud 140o6 kgo/sq0om0 the following 
relationship seems to hold good for tandem spraysf

E a (p)°°455
For a single nozzle 9 It was shown in Chapter 7 

(Pigo 708) that an approximate relationship of the type
0o385E a (P)
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was found to exist for the whole range of pressures 0 
The value of Index (Oo455) for tandem sprays Is 

much nearer to (0o5)p which would tend to confirm the 
hypothesis that the increased dust suppression at increased 
pressures was mainly due to the increased water flow rate 
and hence one should expeot the dust suppressing efflolenoy 
to vary as the square root of the applied pressure o

The relationship between the Overall Flow Number of 
the tandem sprays and the number of nozzles used in tandem 
was sheen in Table 8d  to be approximately linear. The 
Flow Number increased by about 0o094 for every additional 
nozzle (Nool) in tandem<» The effeot of the number of 
nozzles in series on dust suppression efficiency is 
illustrated in Figo 804o It is interesting to note that 
the rate of increase in dust suppression efficiency with 
additional number of nozzles in tandem was higher for 
pressures above 70o3 kgo/sqocm0 than for pressure lower 
than 70o5 kg0/sqocm0 As was the case with Hie single 
nozzle* the w « 4»mnw dust suppression efficiency was 
seemingly effected at about 140q6 kgo/sq.cm. (2000 peSologo) 
whatever the number of nozzles in tandem.

Hypothetical n^±mv^ dust suppression efficiency 
with tandem sprays: It was clear from the foregoing
discussion that there was a significant inorease In dust 
suppression efflolenoy with small nozzles in tandem* without
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OF NOZZLES IN TANDEM ON DUST SUPPRESSION
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excessive water usage 0 Figo 804 also indicated that the 
maximum dust suppression was effected at 140o6 kgo/sq0emo 
and the rate of increase of dust suppression for every 
additional identical nozzle (nozzle 1 Hollow oone) in 
series was about 605 per cento

Novfp a graph connecting the throughput of these 
tandem sprays at 140 06 kgo/eq0cm0 and the dust—suppression 
efficiency showed an approximately linear relationship for 
the range of up to four nozzles in tandem (Fig0805)o 
Unfortunately the capacity of the water pump prevented 
more than four nozzles being tested at this pressure 0 If 
and when a large pump becomes available this study should 
be extended to a larger number of nozzles to see how far 
this linearity extends 0 Were it to extend right up to 
a 100 per oent efflolenoy of dust suppression for sprays 
at I4O06 kgo/sqocmo9 as is shown by the dotted portion of 
the line in Figo 8o5* a total throughput of 3<>58 litres/ 
minute of water sprayed through ten Identical nozzles 
(nozzle l) in tandem at 14O06 kgo/eq0cmo would be required 
to aehieve 100 per oent dust suppression Since it is 
quite possible that the linearity does not extend to 100 
per oent dust suppression* a larger number of nozzles 
may well be required in praotice0 Further experiment is 
required to test this pointe
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Duat-water ratios: The dust-water ratio, which 1b
expressed as the number of dust particles removed per 
one CoCo 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 Pigo 8060

As was the case with the single nozzle spraying, a 
straight line with a negative gradient can be drawn through 
these points o The dust-water ratios are always found 
higher for lower pressures and throughputs and the ratio 
steadily decreases with increase in spray pressure and 
water throughput0 This indicates that whatever be the 
nature of spray, there is always at higher spray pressures, 
a sacrifice of the dust-water ratio to achieve greater 
dust suppression efficiencye

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 particles0 Consideration, however, 
of the line drawn in Figo 806 will show that it is virtually 
a line of constant water pressure covering the range of 
nozzles used0 This would suggest that the phenomenon of 
reduoed dust-water ratio at elevated water pressure is 
primarily a throughput effect o Extra water droplets are 
being produced which are not as efficiently utilised since
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FI G.ft-6. DUST-WATER RATIOS FOR TANDEM SPRAYS

Nozzle  1 H o i lo w  c o n e -W a te r  spray

3 0 0  0  p p c c
1 6 0 -
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A A * Four in tan d em  
d o o Five in tandem

6 0 -
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they pass through a path already partly cleared of dust 
particlese

Comparison with the dust water ratios resulting 
from increasing throughput through increase in nozzle 
diameter indicates that water is being more efficiently 
utilised in the tandem spraying technique 0
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3» GENERAL DISCUSSION AMD CONCLUSIONS

The precise mechanism of suppression of airborne 
dust by spray droplets is somewhat complicated0 It Is 
generally postulated that the liquid droplets strike the 
dust particles and actually wet themp thus enabling the 
particle to penetrate into the droplets0 This wetting 
action would cause the wcaptured" dust particles to settle 
rap idly 9 by virtue of the increased size and weight0 
Terrelsuggested that the dust suppression may also 
be attributable to the mechanical sweeping action of the 
descending droplets which might bring down particles of 
size9 too small to be efficiently wettedp

In the case of particulate matter difficult to wet9 
such as the coal dust used in our experiments 9 the capa­
bility of the droplet to capture the particle is reduced9 
because of the high Interfacial tension between the droplet 
and the dust particle 9 the entxy of the particle Into the 
drop being resisted by surface tension forces 0

Considering the impact And penetration of a liquid 
droplet by a spherical non=wettable dust particle9 the 
minimum velocity of the dfoplet required for penetration 
oan be theoretically calculated9 neglecting any Induced 
mass effects associated with the Impact and assuming that



137.

the deformed surface of the drop conforms exactly to the
shape of the embedded surface of the particle 0

As penetration proceeds9 work ia done against the 
surface tension force , at the expense of the kinetic 
energy of the particle 0 The particle can thus enter the 
drop, only if its incident kinetic energy is sufficient 
to allow it to penetrate to such a depth that the drop is 
able to close behind it, viz0

Kinetic energy work required to be done by the
fjr t j  }' 0/ particle against surface tension

^ n dp o o  0000 (1)

Pemberton^"^ deduced that the particle will be 
assumed to be captured and retained by the droplet , when 
the velocity of impact is such that its component normal 
to the surface of the drop is greater than the value, 
given by 1/

/ • M
W v

The velocity required for penetration 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<>
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The average droplet size of high pressure sprays 
(350 ^ 200 kgo/8q0ciQo•)■ ranged from 60 to 100 microns in 
our experiments o The average diameter of t he particles 
in the experimental cone dust was found to be lo57 
microns, as sampled by* the thermal precipitators and 
2043 microns9 as sampled by the salicylic acid filter,,
A value of 2 microns for the particle diameter was taken 
to oaloulate the minimum velocity required for the 
penetration of droplet by dust particle 9 considering in 
turn water (of surface tension 72075 dyne s/cm 0) and 
other surface active agent solutions of surface tension 
60* 50 and 40 dynes/onio The vaLues are tabulated in 
Table 9olo.

Table 9ol
Theoretical minimum velocity of droplet for penetration

Surface tension of liquid sprayed dyxt©S/dUo
72o75 60 50 «

Minimum velocity of 
dropletocmo/8eCo 1509 1370 1250 1119

It is thus seen that a reduced surface tension of 
the liquid sprayed (provided the droplets from the liquid 
also have the same surface tension values at equilibrium) 
requires lower penetration velocities for impact and 
capture of similar dust particles 0



Comparison of this table with Table 603 will 
show that much larger values of theoretical initial 
discharge velocities of water droplets were available, 
even at a low pressure of 35ol5 kgo/sq0cmo9 with the 
solid cone Nozzle lc For example, at 35ol5 kgo/sqo0mo 
the theoretical initial axial velocity of the water 
droplets is 5,640 cmo/seco, and this is almost four 
times the theoretical minimum velocity of droplets 
required for penetration and capture of dust particles 0 
Thus it is evident from theoretical consideration, that 
the initial velocity of the droplets at the high-pressure 
ranges at which our experiments were carried out, far 
exceeded the minimum velocity required for penetration 
of water droplet by the dust particle 0 Owing to the 
decelerating effect of the air on the water droplet this 
high intial value Is of course only maintained over a 
relatively short portion of the droplet flight and the 
low values of dust suppression obtained in practice 
indicate partly that the discharge velocity must drop 
very rapidly0 There may also be a considerable amount 
of bouncing off the dust particles after Impaction due 
to the grazing angle of incidence of the droplet with 
the dust partlolso
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Adhesion tension Is another important factor in the 
complete wetting and capture of coal dust particles 0 This 
force of attraction between the molecules of the dust and 
those of sprayed liquid9 is required to be high to cause 
the droplets to adhere to the dust particles and to oause 
flocculation? thereby increasing the mass of the oomblned 
particles and causing them to fall0 In adhesion tension? 
there are three forces to be considered - the air surface 
tension of the solid? the air surfaoe tension of the liquid 
and the interfaolal tension between solid and liquid0 When 
the droplet is placed in contaot with the solid particle, 
it spreads until it reaches equllibriumo 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 
solid and of the interfaolal tension of the solid and liquid?
ioSo

Sa * ^i = o Cos a
and thus reduction of the surfaoe tension of the sprayed 
liquid should provide an increase in adhesion tension 
between the droplet and the particle and hence increase 
"wettability"o

In practice? as was seen in 7<>4* there was generally 
only a slight (often insignificant) increase in dust
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suppression efficiency produced by spraying surface active 
agent solutions 0 With Fizanol C of surface tension 
40 dynes/cm* , the efficiency increased by a of
about 6 per cent» as compared with water sprays (59o05Jt 
and 53 o58̂ )o It is perhaps worth noting, however, that 
the solution of Fixanol C which gave a surface tension of 
40 dynes/cmo, was very dilute, having a concentration of 
only about O0O4 gm0 of surfaoe active agent per 100 mlo of 
water*

The ultimate action in wetting is to achieve rapid 
spreading over the surfaoe of the dust particle0 Three 
types of wetting have to be considered in the estimation 
of wetting power ~ " contact" wetting, "immersions!” wetting 
and ” spreading" wetting* The tendencies of ooal par tides 
to be wet by and adhere to liquid droplets have been 
discussed by OwingSo^*^

The small increase of dust suppression efficiency 
when spraying surfaoe active agent solutions of low surfaoe 
tension may only be attributable to spreading or creeping 
wettlngo The change in free surfaoe energy in spreading is 
equal to the sum of the solid-liquid interfaolal tension 
and the surface tension of the liquid minus the surfaoe 
tension of the solido vis*

- v i -  8a

i



aiid the loss in tree energy is

Sa - Y ^  * Y^ (Coe a - 1)

The added wetting agent redueee the surface tension 
of the liquid and henee the angle of oontaot of the droplet* 
The smaller oontaot angle, the greater Is the spreading 
rate* The results in Tables 7<>3, 7o4 and 7o5 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 quloldy over the surfaoe of 
the dust particle than the anionic type and the non-ionic 
type* This last would appear to be only slightly better in 
wetting power than pure water*

The efflolenoy of dust suppression obtained in actual 
practice, by spraying surfaoe aotlve agent solutions, is not 
as high as might be expected because of one or more of the 
following reasons, for which quantitative measurements 
could not be easily mades

(l) Loss of "oontaot wetting" and "inmerslomal or 
capillary wetting" powers of the sprayed liquid, due to its 
lowered surfaoe tension* The tendency to wet by oontaot is 
measured by Y^(0os a + 1) and hence, addition of surfaoe 
aotlve agents to water would tend to decrease the oontaot- 
wetting power of the liquid, since the oontaot angle is 
lowered*



Immerslonal wetting becomes important, in suppressing 
porous partloulete matter such as coal, by sprays* Coal 
has a high adsorptive power 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 partioles of coal dust, the adhesion tension for water 
must be sufficiently great to work through the film of air 
on the surface of coal dust* The tendency of lmmerslomal 
wetting to occur is measured by Cos a* Lowering of 
the surfaoe tension of the liquid would thus appear to 
reduoe immerslonal wetting*

(11) Higher value of “dynamic0 surfaoe tension of 
liquid sprayed* It was shown by Hunter1 that reduced 
surfaoe tension of the spray solution was not effeotlve in 
increasing the 9atomisation9 of sprays at higher pressures- 
This apparent failure to produee finer sprays of lower 
Average Droplet Slze by surface aotlve agents might possibly 
indicate that a value of qynamio surfaoe tension, intermediate 
between the values at the instant of formation of the new 
surfaoe and at equilibrium adsorption of surfaoe active 
agent, may be operative for the sprays* The new surfaces 
are formed too quidkly for adsorption of the surfaoe aotlve 
agent to be complete and hence the static surface tension 
of the sprayed droplet is not actually to be taken as the 
surface tension of the solution*
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(ill) Besides these characteristics of spray 
solutions? other factors in the actual collision prooess 
between the liquid droplets and the dust particles? such 
as the deformation of spray oome? may also contribute 
towards the low increase in dust suppression efficiency 
obtained by spraying surfaoe aotlve agent solutions»

Another useful theoretical attack on the problem of 
dust suppression by water sprays may be made through a study 
of the fundamental dynamics of the collision prooess between 
the dust and the sprayed droplets 0

For convenience in such a theoretical treatment of 
the hydrodynamic capture of particulate matter? an idealisa­
tion of a system of small aqueous droplets encountering a 
cloud of smaller dust 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 
spherloal and the water droplet is oonsldered to be appreciably 
larger than the dust partiole? so that the flow pattern under 
consideration is that of the air and the dust partiole around 
the water droplet0 [For the range of our experiments carried 
out at high spray pressures? the average droplet else can 
be taken as 80 microns? and the average particle diameter 
of dust in the wind-tunnel can be taken as 2 microns] 0

She dust partiole? in this ideal system? is assumed to 
be so small that it does not affect the flow pattern of the

k



8tream0 It is also assumed that the apparent weight of 
the partiole is negligible compared with the visoous force0 
Sinoe the Reynolds number of such a partiole is very low 
(less than unity), the drag of the fluid on It la given by 
Stokes # lawo The water droplet has a motion relative to 
the dust-laden air? by virtue of being sprayed from a 
pressure nozzle $ but it is convenient to reduoe the 
relative motion of the dust partiole and the droplet to 
the motion of the partiole in the air stream flowing around 
a stationary dropleto

In the spraying process? the ejected droplet will 
sweep out through the air a tube of orosa-sectlon equal to 
its diameter and in so doing may oapture? sweep against? 
or sweep just past the dust partiole * Theoretically? it 
is assumed that each impact results in a oapture? but in 
practice? bouncing can occur with a probability depending 
on the relative velocity and the angle of incidence of eaoh 
on the othero

The probability of capture of the partiole by the 
droplet depends upon the balance of visoous and Inertial 
forces acting cm the partible as the droplet approaches 
ito If visoous foroes are neglected and only inertial 
foroes are considered? collision leading to oapture will 
occur If the dust partiole lies within the tube swept out 
by the water dropleto If the dust partible Is given an
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effective diameter (the value of which may be taken ae 
2 microns In our case) , the diameter of the tube to 
be Increased to allow for the diameter of the particle, 
viso an Impact will ooour9 If the minimum dlstanoe of the 
trajectory of the partiole from the droplet surfaoe Is 
equal to or less than the effeotlve radius of the dust 
particleo on the other hand. If visoous foroes only are 
operative, the dust particle will tend to get carried 
away from the swept path of the droplet, along with the 
deviated streams of fluids In practice, the Impaot and 
oapture of dust particles is Influenced by both visoous 
and Inertial foroes and collision efficiencies lie between 
zero and 100 per oento

A sketch illustrating the grazing trajectory of a 
small dust partiole for oapture by a liquid droplet in an 
Idealised system Is shown In Pi go 9«1° It Is assumed that 
the partiole and the droplet will just collide, when the 
particle trajectory’s nearest approach to the droplet 
surface Is half the effective partiole diameter, i#e0 dp/20 

If the fluid forces on the dust partiole can be 
taken to follow Stokes’ 1aw and thus the magnitude of the 
viscous drag on the particle to be linearly proportional to 
the relative velocity of the particle In the fluid, the
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equations of motion can be written in terms of the 
fluid flow pattern around the droplet And the equations 
of motion are shown? by dimensional analysis? to depend 
on one characteristic dlmenslonless group? known as the 
"particle parameter" £,

l/dp>? p8 
wh«e K « ° PI

or » (p8od_2oTr)/(9 t^oDp).

Since the velocity of the fluid due to the flow pattern 
round the droplet is non-linear? the equations of motion 
of the partiole are non-linear and henoe their solution 
involves step-by-step plotting of each possible trajeotory 
of the dust partiole? as it approaches and tends to be 
swept round the larger sphere 0

the trajeotory? which corresponds to a grasing 
collision? is found by trial and error0 This is the grasing 
trajectory? whose distance of nearest approach to the droplet 
surfaoe is d^/2 and whose distance from the line through the 
oentre of the droplet when still at larger distances from 
the droplet is Dp</2« The circular area corresponding to 
the distance Dpo/2 from the centre line of the droplet is 
known as the "oapture cross-section" yQ^? or? alternatively? 
as the "collection efficiency" Ec 6̂7W e h  is defined as



Bo “ K (DP°/2 + S/2)2 A(S/2)2
- < V +V / s * .

It is the ratio of the number of partlolee striking 
the droplet? to the number whioh would strike it? If the 
stream lines were not deflected around the dropleto

A number of w o r f  M <66><67><68K«9)(70)(n)(72)tow
computed values of EQ in terms of K? notable among them 
being Xeagmulr and Blodgett and Fonda and Herne 
who have evaluated partiole trajectories and collision 
efficiencies in viscous and in potential flow pattern 
around droplets <, Employing the diameter of the droplet 
as the unit of length? Fonda and Herne derived by a 
oooputer technique a dlmenslonless oapture cross-section 
(y0 ) and plotted curves relating various nearest distances 
of approach (ra) of the trajeotory to the centre of the 
droplet for both visoous and potential flow0 Colision 
will take place where

The fluid flow pattern? which is assumed to be 
characterised by the flow of dust laden fluid round the 
droplet? has a significant influence on the collection 
efficiency o The latter is generally smaller for visoous
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than for potential flow at equal values of Kg because 
in the former case? the fluid streamlines pass further from 
the sphere due to the stagnation of the fluid at the surface o 
In practice ? the potential flow pattern is approximately 
valid in front of the droplet? when the Reynolds Humber of 
the sphere is very large and the viscous flow pattern is 
appropriate when this He is very smallo The analysis of 
potential and viscous flow patterns around a sphere is 
given by The flow pattern is characterised by
the Reynolds Humber for the droplet? which is itself a 
measure of the relative importance of inertial and visoous 
forces within the fluid0

It is of interest to determine the range of capture 
oross-seotlon covered in the high pressure aqueous spray 
work described here<, The high pressure sprays (35©15 - 
190ol6 kgo/sqocmo) projected against the dust-laden air 
stream from the solid cone Hozsle 1 Plug 1 (Chapter 7©2) 
are considered for this treatment and using the data 
provided by Fonda and Herne? the range of capture cross- 
section is calculated for the whole range of spray pressures 
employed f main ng use of the experimental values of average 
droplet sise at each spray pressure and taking a mean 
effective partiole diameter of 2 mloronse The results of 
these calculations are shown in Table 9o20



Table 9.2

Range of Particle Parameter K and theoretical collection
efficiencies for droplets from hl/di preBoure spray nozzles

(Plug 1 Nozzle l)
Range of spray pressure 00o 35©15 - 190ol6 kgo/sq.cm<
Range of calculated theoretical initial discharge velocity
of sprays 00o 5*640 - 13*260 cnu/seOo

Counter-flow air velocity Ooo 100 om0/seCo
Range of Renolds Humber of droplets in airi 
for Bp * 60 miorons dCo 243©5 - 566©0
for Bp « 80 microns O©o 323o0 - 752©5
for Bp * 100 microns 000 404©0 - 940o5

wan/re of Partiole Parameter K (dp mean - 2 aiorona) 
for Bp * 60 microns OO0 29o65 - 68*95
for Bp » 80 mkorons 0O0 22023 - 51©85
for Bp » 100 miorons 0Oo 17©85 - 41©45

Theoretical Capture Cross-section yQ2
for rm * 1©033 ooo lo0318 - lo0520
for rm » 1©023 ©©<> lo0030 - lo0297
for rm « lo020 oo© 0*9848 - lo0145K

Theoretical Collection Effloleney Eo£
_ _ .___ _ potential t l m T M W P . . a «forDp - 60 miorons 96o5 _ 98„5 83.0 - 90.0
for B_ • 80 microns 960O - 98©0 79o0 - 88*0P
for B_ * 100 microns 94©0 - 97©5 75*0 - 86.0P
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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 
theoretioal collection efficiencies (75o0 - 90o0 per cent 
for viscous flow and 94o0 * 98e5 per oent for potential 
flow fluid patterns) should have been achieved by the sprays* 
in the pressure-range employed0 The values calculated* 
however» correspond to the initial projection velocity of 
the spray droplets. On discharge against the air stream* 
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 oapture 
oross-seotlon decreases rapidly and a calculation of the 
oapture cross-section for a 80 micron droplet brought to 
momentary rest in a counter flow of air moving at 100 cm./seco*, 
gives its value as low as 0o225. The mean capture cross 
seotion will then lie somewhere between the maximum values 
given in Table 9*2 and this minimum value 0

Walton and Woolcock^®^ made experimental measure­
ments of the collection efficiency of water droplets for 
airborne dust particles of methylene blue over the range 
Up 0<>5 mmo to 2 mm., dp 2.5y to 5<>0p and droplet velocity 
200 emo/seOo to 670 cmo/seoo and compared it with theoretioal 
predictions given by Fonda and Herne. Their reasoning has 
been adopted and modified to suit our experimental conditions 
to enable the calculation of dust suppression efficiencies
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resulting from the continuous spraying of a moving 
dust cloud in the cylindrical wind tunnel.

If a small interval of time At is considered 
during which water is sprayed in droplets of effeotive 
diameter D^ (equivalent to the Average Droplet Sise at 
each spray pressure)* at a total volume throughput rate 
of and the penetration of the droplets is S* the number
of droplets praduoed will be equal to

<0* At) / (§ Dp3)
-» 2If y0 is the average oapture oross-seotlon over 

the range of spray S*
Effeotive volume of air denuded of dust will be

- (VAt/ | Dp5) y02 Dp2/4) 8

■ 3 V  y02oAt„S/2 Dp
let the volume of air flowing through the tunnel in 

the same time At be QaoAt
Thus fraction of the total dust removed 

- (3 Qj.y^oAtoS) / (2 Dp.Qa.At)
If An is the change in dust concentration effected 

by spraying* the above relationship beoomes

- (3 Vy/oAtoS) / (2 Dp»9a*At)
Thus for a logarithmic diminution in dust oonoentratlon* 

a j  »  n 0 o M c p  [ (  -  3  Q ^ o y ^ o S )  /  ( 2  D p ° Q a )]
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where nQ and n^ are the duat concentrations before and 
after the spray respectively

Hence loge (nj/n0) - ( - 3 Qy,°702°8) / (2 DpoQa ) 

or l o g ^ / n ^  - (-Xo5 Q^y^oS) / (2<,3 DpQa )

and nossle efficiency B « no " ”1
no

* [l - (nj/n0)]lOO<>

Prom the experimental values of dust suppression
efficiencies/ it is then possible to oaloulate the value

—  2of the aotual effeotive capture cross-section yQ in the 
wind tunnel and this can be compared with the value9 
obtained from the particle parameter K using Fonda and 
Herne°s data (see Table 9o2)0

The solid oone spray from ffozzle 1 Plug 1 at a 
spray pressure of 140o6 kg0/eq0cmo has been chosen to 
illustrate the calculations and the data appear in Table 9o3«

pThe value for y * was also calculated for the water * o
droplet of 65 micron diameter under the same conditions 
using Fonda and Herne's data0 A value of 54o2 was obtained 
for the partiole parameter K9 resulting in a value of lo041 
for the oapture cross-section (y0*)® It is important to 
note that this value has been calculated from the initial 
discharge velocity of spray droplets9 whereas the value of



Table 9.3

for the oalcnlatlon ot Average Capture Croae-Seotlan
p\ Wlifd-timy^t

Nozzle 1 Plug 1 Solid cone Water spray

Water pr • P « 140o6 kgo/sqo0m o
Water throughput « Oo964 lltres/minB(Figo6o2)
Average Droplet Size » 65oO miorons (Table 603)
Air Velocity * 100 cmo/ee0o
Initial dust concentration (nQ) .« 1513 poPo09o0(Table 7*1) 
Final dust oonoentration (n^) * 702 p0p0OoOo

Dust suppression Efficiency (E) ■ * 53*58
»o

Spray oone angle « 40°

* water flow rate * « l6o07 OoCo/aeOo

<Ja - air floer rata - S x (18)2 x 6.4516 * 100

■ 164o9 x 103 o.Oo/aeOo 

S « penetration » 9 x 2.54/aln 20° » g2.86^

a 66.9 008.
.°o log10 (702A513)

- (»1.'5 x 16.07 x y02 x 66.9) / (2.3 x 65 x ICT4 x 16.49) 

l.a. logy, 0.4642 - (- 0.654 T02)

0 (- y 2) - (- 0.3333) / (0.654)00 O
or y02 * 0o51
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y02 calculated from the experimental value of dust 
suppression efficiency is an Overall average effeotive 
value of oapture cross-section in the wind tunnel 0 It oan 
he shown that the value of yQ2 drop to 0o3, when a S3 micron 
droplet (Aoi)»So at a spray pressure of 140o6 kgo/sq0cmo)
comes to rest with respeot to the tunnel<> Hence , if an

2average value for yQ is taken over the range S9 the 
resulting figure for the effeotive capture cross-section 
I0 logdl * Qo5205. which is very dose to the value
calculated from the experimental results on dust suppression 
(0o5l)o

Thus it is seen that the experimental results of 
dust suppression oompare well with the theoretioal collec­
tion efficiency oaloulation0

The experiments with tandem sprays, desoribed in 
Chapter 8, provide an attractive rate of inorease in the 
dust suppression efficiency, as oompared with single sprays 0 
The best system for optimum efficiency was found by 
experiment to be four-nossle tandem spraying at 140o6 kgo/sqocm0 
The efficiency was found to inorease by almost 20 per cent,
(48 to 68)0 by the addition of three more nossles in tandem 
and with a throughput of only about twice that of the single 
sprayo
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cgHOfflgMffiM
The average droplet else.of high pressure sprays 

(in the range 35<>15 - 210o6 kg»/sqoemo) varied inversely 
as the ( 0 o 2 8 )  ° power of the spray pressure and henoe a 
non-dimensional relationship connecting the average 
droplet size and the Reynolds number of the issuing jet was 
established as follows s

AoDoSo a Re*~°°56*
This would enable predictions to be made of average droplet 
size, for a particular orifice and a particular spray 
pressureo

Generally, the dust suppression efficiencies obtained 
in praotloe were not as high as might be expectedo 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 o Taking an average oapture oross-seotion 
at nearly one half the value makes the theoretioal predic­
tions comparable«

The solid cone sprays gave about five per cent 
higher efficiencies than hollow cone sprays from the same 
nozzle o Mftyttmnn dust suppression seems to have been 
effected at about I4O06 kgo/sqocmo for all nozzles and 
types of liquids sprayed, thereby suggesting an optimum 
value of spray pressure for the best dust suppression



efficiency with a minimum reduction in the dust-water 
ratioso The dust-water ratios in general deorease with 
Inoreased water throughput and hence, a balance was 
neoessazy to be struck between the values of spray pressure 
and dust-water ratios, for an optimum dust suppression 
efficiency o

The surfaoe aotlve agents in spray solution generally 
effected a small Inorease in dust suppression efficiency«
The cationic type - Fixanol C - of surfaoe tension 
40 dynes/cm* gave the maximum efficiency of 59,05 per cent 
with Nozzle 1 Plug 1 solid oone - about 6 pet* cent higher 
than that for water sprays with the same nozzle* The 
anionic and non-ionic types were in decreasing order of 
merit, though all three gave generally slightly higher 
figures for dust suppression than pure water* Nevertheless, 
the utility of these agents, to effeot just about 6 per 
cent inorease in dust suppression efficiency, is questionable 
on economic considerations <,

The dust suppression efficiency was found In practice 
to deorease rapidly with Inorease in air velocity* One 
shoudl theoretically expect an increase in dust suppression, 
since increase in air velocity increases in turn the 
relative velocity between the water droplet and the dust 
particle and also the turbulence* However, due to the 
deformation and reduction of spray oone at higher air 
velocities, this deorease in efficiency is mainly attributable



to the failure of the droplets to impaot on the dust 
partiole and hence to the by-passing of a proportion 
of the dust particles past the spray without colliding 
with the droplets*

Iiogarithmio relationships were found to exist 
between the spray pressure and dust suppressing efficiency 
and also between the surfaoe tension and dust suppressing 
efficiency at the high pressure range (35,15 - 2100 6 kg/sqoom0 
The dust suppression efficiency under these experimental 
conditions, could be represented as a function of the spray 
pressure and surfaoe tension of sprayed liquid as follows s-

E - ko (J)0o455<,

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

The results also indicated that high pressure sprays 
did not appear to be selective in suppressing any particular 
slse-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 that determined before spraying.

In general, the dust suppressing efficiency was found 
to increase 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 greater dust suppression 

efficiency with little increase in throughput of spray 0 
The maximum dust suppression efficiency was seen to be 
effected at a spray pressure of 140*6 kg*/eqocm* and at 
this pressure was found the best rate of increase of dust 
suppression efficiency with number of nozzles added in 
tandem and hence with increase in throughput 0 As oompared 
with a single spray at 140*6 kg0/sqocmo, a 4 nozzle tandem 
spray required only twice the throughput at a gain of about 
20 per cent in dust suppression efficiency*

This amounted to a 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/sqocm* 
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*/sq*cmo, and utilising about 10 nozzles 
(Nozzle 1 Hollow cone) in tandem at a minimum throughput 
rate of 3*58 litres/min* This hypothetical value is of great 
interest, in that such values of dust suppression efficiencies 
oannot be effected by a single spray nozzle, due to the 
reduced capture cross-section of droplets as the air 
resistance decelerates them* It also 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) The effect of aqueous sprays of constant droplet 

size on moving dust clouds of constant partiole size 
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 particular 
sizee The constant droplet size could be achieved by 
a rotary cup atomiser*

(b) Experimental Investigations should be made of the 
veloolty of water droplets within a spray over the range 
from initial ejection to the limit of experimental 
penetration* This would enable suitable praotloal 
values of average capture cross-section to be obtained,,

(o) The new dust-feeder, described in Apprendlx 2, could be 
developed more fully, with instrumentation for measure­
ment of pressures, so that a more accurately reproducible 
range of dust concentrations could be studied in the 
tunnel*

(d) Radial sprays, projecting a thin screen of spray-
1 iquid-barrier across the section of the tunnel, oould 
be studied*

(e) Other arrangements of multiple sprays should be studied 
in the tunnel*
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Air-borne dust flowing In the wind tunnel had been 
sampled, simultaneously, through gravimetric salloylle 
acid filters and by thermal precipitators and their dust- 
counts compared in Chapter 5* It was felt that an 
independent oheok should be made of partible size of dust 
fed to the dust-machine hopper and this was done using 
the To Cole sedimentation apparatus, whieh is a modified 
form of Andreason Sedimentation pipette* (See Pig* A d d ) *  

The Sedimentation pipette oonslsted of two glass 
tubes equipped at the top with stop cooks and encased in 
a water jaoket to prevent temperature variation* There 
was an outlet at the foot of one of 1he tubes and a side 
arm above this led off to the foot of the other glass tube* 

A 2*f> Sodium oltrate solution was used to completely 
fill the clear water reservoir and fill two-thirds the 
sedimentation tube* About 0o3 g»o of the sample of 
experimental dust was then accurately weighed out, 
moistened with a little glycerol and dispersed in about 
10 mlo of the citrate solution* A pipette was used to 
place this suspension in the settling tube and an air 
current introduced to obtain even distribution and 
prevent sticking to the wall of the tube*
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Bp manipulating the taps on the top of the tubes , 
clear liquid was passed from the reservoir to the 
sedimentation tube via the side arm and? after a final 
air injection to restore uniformity0 the test was started <, 

During the run the tap on top of the sedimentation 
tube remained closed 9 while that on the olear liquid 
reservoir remained open<> Thus when a sample was taken by 
releasing the spring ollp at the outlet9 the liquid flowed 
from the reservoir via the outlet9 carrying with it the 
partioles which had settled out with the minimum of 
disturbance to the liquid in the sedimentation tubeo 

Incremental samples were taken at calculated 
intervale and the results computed assuming hydrodynamic 
similarity of dust partioles and obedience to Stokesv lew*

Shis equation was used to calculate the time of 
settlement of a particular range of partioles9 sad in 
appropriate units9 it reduced to

Tor this determination,, the mesa partiole diameters 
were arranged in a */? : 1 starting from 89 miorons 
(76 * I06p)9 so that the sampling times would beoone 
oonvenient multiples of ft'o t was found to have a value 
of 302 seconds, at the end of which the sample withdrawn 
would have a characteristic mean diameter of 09 microns

7t * fyt * 8°4p2^s ~ / 18 **

t „ hf n 107



table A.1.1
#Slse - distribution of experimental coal dust 

by Sedimentation method 0

8 lee range 
niorone

lleanaleemicrons
Wto Ofincrement
gmso

True wto of sample gms*
Hoo of particles Ho*

X
106 - 76 69.0 0*2444 0ol577 0*33 OoOlO

75.99 -253 6 3 .0 O0O867 O0II83 0*71 0*021

52.99-37.5 44p5 0*0551 0.0545 0*953 0o026
37.49-26.5 31o5 0*0559 0*0804 4o03 0*120

26„49-18o8 22*2 0,0314 0*0428 5a59 0*166
18„79-13.2 15 o7 0*0200 0*0197 7*14 0*211

13.19- 9.4 llol 0*0203 0*0281 31o5 0o934
9.39- 6„6 7o9 0*0125 0*01118 28o0 O083
6.59-4.69 5o6 0*0034 • - -
4.68- 5»3 3o79 O0OO8 O0OII8 286oO 80 46
3.29- 2.4 2 086 0o0042 - mm -
< 2.39 0*017 0*0154 3010*0 88*40

*Sise" in hydrodynamio similarity refers to the diameter of a sphere having the same density and Stokes’ law terminal 
velocity as the particle*
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and then samples were collected at intervals of 2t* 4t,
8tp 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 slse ranges 
and the measures had been derived by Stairmand^*^

The results are shown in Table Adol and the summary 
is given in Table Aolo2*

Summary of Sise Analysis of experimental dust by Sedimentation

Sise range 
microns < 3o29 |i 3»29 - 6.59 »* > 6.59 j* Total

Number percentage 
Sise frequency

880 40 80 48 3ol2 100*00

These results should be compared with the dust slse- 
counts of samples actually taken from the dust-laden air 
streams in the wind tunnel by means of thermal precipitator 
and salicylic add filter* (Table 5*2)* The number percentage 
in slse ranges seem to agree quite closely, giving 
allowance for errors in sampling*
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..AEHBPDIX II 
AJCTLOTST FEEDIffl* DEVICE

It was found in practice that the duet feeding 
machine used in our experiments for injecting dust into 
the tunnel (see 2o2.l) was not very effective in achieving 
exactly repeatable dust concentrations, since its action 
depended on the dust groove being completely filled with 
dust, by the scaperso The position of the scraper «nd the 
clearance between the duBt-~dise 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. 
Henoe a new dust feeding machine was developed , whloh would 
give more predictable dust concentrations and which depend 
less on manual adjustments of the apparatus.

The new machine, built of glass, is shown in Fig. A.2.1 
and was found to give a more repeatable dust concentration, 
which could be varied over a wide range. It is in fact a 
modified form of the apparatus described by Shale *^^5)

The feeder was of the counterflow pulsating type, which 
injected dust into the gas stream. The dust-bed was kept 
20 cuts, high, while the air-inlet and duat-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 experiments0 It is possible that a 
variation in impulse-frequency would affect the dust feed 
rate0

The pulsating air was admitted to the feeder at a 
ooatrolled rate through the orifice just above the level of 
dust-outlet nozzle 0 In practice* it was found neoessary 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 thepump*

At eaoh impulse peak* a small quantity of the oarrler 
air flowed up through the dust-outlet nozzle and the dust 
bed and esoaped through a bleed-air tube above the dust bed0 
At the low-pressure point in eaoh Impulse* the air flow 
through the nozzle reversed and a small increment of dust 
was entrained by the pulsating carrier-air stream into the 
tunnel-axls. Thus there was an intermittent discharge of 
dust from the outlet nozzle» Since the increments of dust 
were small* the dispersion was virtually continuous. As 
this injected dust was carried forward along the length of 
tunnel by the turbulent air stream from the centrifugal tan, 
the dust was well dispersed 0

The new dust feeder was set in position* to inject 
dust along the axis of the tunnel and test runs were carried 
out* to find the dust concentration along the length of the 
tunnel* at air velocities of 100* 250 and 500 om*/seo0 
Allowing some time to reaoh steady conditions In the tunnel*
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simultaneous dust sampling was carried out at eaoh of 
these three air velocities by means of thermal preolpitators0 
The duet concentrations obtained are shown In Table A020l0

lEable A q2„X
Dust concentration In the tunnel from the new dust

feeder '

Air Velocity Dust concentration p«Po Co Co
ft/mine cnv/seOo At ToPol At ToPo2 Difference
200 100 1602 1658 36
500 250 1250 1272 22
100 500 582 583 1

This would Indicate a linear relationship between the 
air velocity and the dust concentration In the tunnel, for 
this particular dust feeder0 This Is Illustrated In 71g0 
Ao2o2o Hence it Is possible to predlot 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 pressures0 
Larger orifices In the air-inlet and dust outlet nossles and 
shallower dust-beds would also Increase the dust-feed rates 0 
Calibrations for different set of nozsles and operating 
conditions would prove highly useful, In selecting the 
dust—feeding apparatus, for any required dust—concentration 
range o
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SUMMARY

This study is concerned with the capture of 
airborne dust particles by sprayed liquid droplets,, 
with particular reference to the airborne ooal dust 
encountered in mining practice© The partiole size range 
0o5 - 5o0 microns9 of physiological importance in causing 
occupational health hazard,* has been investigated0 

The significance of dusts and their harmful 
particle-size and concentration are discussed and the 
incidences of coal-miners pneumoconiosis and existing 
methods of dust suppression in mines are surveyed c The 
general mechanism of liquid spray formation from nozzle - 
is investigated and the theoretical probability of capture 
of dust particles by spray droplets is discussed0

Experiments on duet suppression were carried out on 
moving dust clouds in a wind-tunnel of 45o72 cm© (18 i n ; 
diameter and 20 metres (65 ft©) long,* under controlled 
conditions© Dust clouds, of concentrations in the range 
300 and 3000 poPoCoCoj, were produced using Hattersley'e 
laboratory type dust generator© A three-throw 
reciprocating pump provided spray pressures up to about 
210 kgo/sqocm© (3^000 pos0i0go) and the spray nozzles were



(ii)
operated at the axis of the tunnel against the flour of 
dust-laden alr« Simultaneous dust sampling was done by 
two thermal preolpltators 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
pattern of baffle plates suitably placed in the tunnel is
Illustrated in the form of iso-velocity curves©

Distribution of dust concentration in the tunnel wae
studied with salicylic acid filters and the rate of decay 
of dust concentration with dlstanoe 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©

Simultaneous dust sampling by thermal precipitator 
and salicylic add 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©



(ill)

Measurment of Average Droplet Size wae carried out 
for water sprays in the range 35ol5 - 190ol6 kgo/sqocm©
(500 - 2,750 p.Sologo) using a solid cone spray nossle 
and the relationship

A0D0S0 « p(-0o28)

was obtained© A functional non-dimensional relationship 
was also derived between the characteristics of the spray 
and the Average Droplet Size©

The dust suppression work was mainly concerned 
with small high pressure spray nozzles 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,
(c) surface tension of sprayed liquid,
(d) counterflow air velocity, and
(e) a tandem arrangement of spray nozzles©
The effect of spray throughput on duat-water ratio 

was also studied© Solid cone spraying was found to be 
about 5 per cent more efficient than the hollow eone spray 
for the same nozzle© Maximum dust suppression was effected 
at 140o6 kgo/sqocm© In both the cases© (53o58 per cent 
and 48©5 per cent)©



(iv)

Surface active agent solutions were found to give 
only a small Increase in dust suppression efficiency p Bo 
The wetting power of different types of surfaoe active 
agents is discussed 0 A relationship was obtained 
between the efficiency,, spray pressure and the surfaoe 
tension of the sprayed liquid.

Tandem spraying was found to give the best dust 
suppression efficiencies without much increase in water 
throughput. The xate of increase in E with number of 
spray nossles in tandem was found to be maximum (about 
6o£ per oent) at 140o6 kg ./sq.cm.

An increase in air velooity resulted in a rapid 
decrease of £0 The rapid deceleration of droplets on 
discharge into the gaseous medium* itB lowered efficacy 
of lmpaot on dust partioles and the consequent reduction 
of the "capture cross-section" are discussed0

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

The sprayed droplets did not appear to be seleotive 
in suppressing any particular slze-range of dust partioles 0 

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


