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Summary 
The addition of ~n ~djunnt can influence 
the processes of spr~y formation , droplet 
transport, impaction, retention and cov
erage of spr~y on the target surfue. 
Methods of producing agricultural 
sprays are reviewed and methods of 
measuring and cl~ssifying such sprays 
u e identified. These classifications pro
vide useful infomation relating to spray 
behaviour but nozzle performance c~n be 
substantially influenced by adjuvants. 
Studies have shown th~t the mode of 
s pray formation from flat fan hydnulic 
pressure nozzles ClIn be changed substan
tially, influencing droplet size, velocities 
and the volume distribution p;lltem ob
t~ined. Anti-evaporants influence spray 
behaviour during tnnsport of spray be
tween the generator and targets. Behav
iour at the target surf~ce in terms of im
p;lction, retention, cove rage and uptake 
C;ln all be modified. To date there is no 
cleu definition of all of the effects of 
physical puameters of the spray liquid 
on behaviour. It is concluded th;lt sub
st;l nti~1 progress has been made in the de
velopment of methods for measuring 
and predicting spr;ly formation and be
haviour, but that there is a need 10 under
stand how the ~ddition of adjuvants Ciln 
influence all of the physical processes in
volved, as well ~s the chemiCliI and bio
log i c~J effecls. Such information will en
ilble ildjuvilnts to be used to improve 
spray appliciltion in a s.llfe and effective 
Wily. 

Introduction 
The use of adjuvants to enhance the effi
cacy of pesticide application is widespread 
and increaSing. These have the potential to 
influence every aspect of the pesticide ap
plica tion, Le. spray fo rmation, droplet 
transport and interaction with the target. 
Adjuvants are predominantly surfactants 
which can improve retention, wetting, dis
persion, emulsification, solubilization and 
bio-enhancement (Knowles 1995); minera l 
or vegetable oils which can reduce drift 
and wash-off and improve wetting. pen
etration and translocation (Rogiers 1995) 
or other substances such as polymers 
(Akessan et al. 1994). It has been recog
nised that if adjuvant use is to be full y 
optimized then the whole process of 
application, uptake and mode of action of 

pesticides must be considered - not the 
cons tituent parts in isolation (Ha ll el al. 
1993). 

This paper considers the methods com
monly used to genera te agricultural 
sprays fo r pesticide application, the 
mechanisms of spray formation and the 
techniques for quantifying sprays. Also 
addressed are the transport processes in
fl uencing droplet trajectories between the 
generator and target surface, the behav
iour of droplets impacting on a surface 
and the role that adjuvants may have on 
all of the components of this complex 
process. 

Spray generation systems 

Hydraulic pressure nozzles 
One of the most common ways to form a 
spray fo r the application of agricult ural 
pesticides is to use the hydraulic pressure 
nozzle. In its simplest form, the nozzle 
consists of a shaped orifice through which 
liquid is forced under pressure to emerge 
as a liquid sheet which then breaks up into 
droplets by three defmed modes of action. 
Flat fan nozzle designs are attractive be
cause, when mounted on a boom struc
ture 10 give a defined degree of pattern 
overlap, the resulting distribution of the 
volume of s pray liquid at target level is 
relatively uniform. Many such nozzles are 
formed by creating a vee-shaped slot into 
a blind hemisphe rica l (or apprOX imately 
so) tube of brass, steel, plastic or ceramic 
material. Nozzle variables, including the 
vee angle, depth of vee and tube diameter 
can influence the flow rate, spray angle 
and droplet size distribution produced by 
the nozzle. Many approaches to nozzle 
design have, unti l rKently, been based on
empirical rules and extensive experiments 
with a range of spray liquids. The develop
ment of Computational Fluid Dynamics 
approaches in which the fluid flow behav
iour in a defined geometry is predicted by 
computer calculations offers some scope 
for adopting a rational approach to nozzle 
design (Zhou eI al. 1995). It must be recog
nised thai the flow conditions in an agri
cultural nozzle involve high shear ra tes 
and small clearances - cond itions which 
make calculations difficult. However an 
initial study has already shown that the 
output from computer modelling studies 

zle design and has the potential to aid sub
stantially the design of nozzles to meet de
fined criteria (Zhou et al. 1996). 

Fla t fan nozzles produce a range of 
droplet sizes w ith droplets leaving the 
nozzle at relatively high velocities (Miller 
el al. 1995c). This design is widely used on 
boom sprayers and has been adopted as a 
stand ard for performance comparison 
purposes (Doble et aI. 1985). 

Where a smaller mean droplet size is re
quired at a given fl ow rale, for example 
when applying fung icides from a boom 
sprayer or any treatment with an air-as
sisted sprayer, then hollow cone nozzles 
may be more applicable. In such a design, 
more of the energy in the pressurized liq
uid is d issipated within the nozzle body to 
accelerate the flow in swirl producing a 
finer spray which leaves the nozzle at 
lower velocities than fo r an equivalent fan 
nozzle operating at the same flow rate. 
Anvil nozzles produce a spray as a resul t 
o f the impaction of a metered liquid 
stream against an incl ined face which 
forms part of the nozzle tip. The resulting 
spray is relatively coarse with a wider 
range of droplet sizes, travelling at lower 
velocities, than from flat fan nozzle de
signs(M ilIeretal. I995c). 

The need to red uce off-target spray dri ft 
has been a major driver in the rKent de
s ign and development of agricultural 
spraying systems. Twin ori fice fl at fan noz
zles, venturi nozzle designs and other 
forms of pressure nozzle creating rela
tively large droplets and coarse sprays has 
been a feature of many commercial devel
opments during the past five years. How
ever, a lthough increasing droplet size and 
decreas ing Ihe percentage of spray vol
ume in droplets <100 pm in diameter re
duces the risk of drift, spray deposition on 
target surfaces can also be adversely af
fected . Droplet bounce and run-off fro m 
plant surfaces can g ive high levels of soil 
conta mination w hich environmentally 
may be as important as spray drift. 

Other spray generation systems 
A number of other operating principles 
have been used to create sprays for apply
ing agricultural pesticides, and while space 
does not permit a comprehensive review 
of these, some important featu res are 
worthy of mention. Spinning discs and 
spinning cages have the potentia l to pro
duce a spray with good control of the 
d roplet size distribution (Frost 1981). 
Mean droplet size is a function of physical 
disc size and design, rotational speed, liq
uid flow rate and the physica l properties 
of the spray liquid. In many designs, the 
discs rotate about a vertical axis such that 
the droplets have an almost horizontal 
initial trajectory which can limit penetra
tion into dense crop canopies unless oper
ated in conjunction with air assistance 
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techniques. Such units also operate at rela
tively low flow rates in comparison with 
those used through hydraulic nozzles and 
therefore the system is mainly suited to 
low volume rate applications. Spinning 
disc application systems have been devel
oped successfully for specific applications 
spraying relatively high concentrations of 
herbicide formulations which often in
clude specific adjuvants to match perform
ance to target requirements. 

Electrostatic spray generation systems 
(not systems for charging sprays formed 
by other means) also require spray liquids 
that have particular physical properties in 
terms of electrical cond uctivity and fluid 
flow characteristics. This system is a tech
nically elegant method of producing a 
spray at very low flow rates and with ex
cellent control of the droplet size distribu
tion for a given formulation. The sprays 
produced are highly electrostatically 
charged and this has a major influence on 
trajectories and deposition patterns. How
ever, other than some hand-held applica
tions, this system has not been commer
cially developed for agricultural pesticide 
application. 

Twin-fluid nozzle designs which use 
both compressed air and liquid supplied to 
the nozzle body have important charac
teristics. They have the ability to operate 
at a range of flow rates and create sprays 
with different droplet size distributions 
from the same nozzle assembly by inde
pendently varying air and liquid supply 
pressures. They are able to operate at rela
tively low flow rates using an orifice which 
is large enough not to be easily blocked. 
The spray formation process occurs more 
within the nozzle body so that the spray 
cloud is less influenced by a cross of air 
flow below the nozzle and can therefore 
give improved drift control. Research has 
shown that the larger droplets produced 
by many twin-fluid nozzle designs have 
'air-inclusions' within them, influencing 
their behaviour in transport and on im
paction with target surfaces (Rutherford ef 
III. 1989, Miller et al. 1991). 

The Venturi ('bubble jet') nozzle design 
also uses air within the nozzle to form the 
spray, similar to the twin-fluid nozzle, but 
the action of the liquid through a shaped 
orifice draws air into the nozzle body 
rather than by using air under pressure. 
Although Venturi nozzles are less flexible 
than twin fluid designs, they do create 
sprays with similar physical characteris
tics, including the presence of air inclusions 
in the larger droplets. To increase the flow 
of air drawn into the venturi nozzle, some 
systems are designed to operate at rela
tively high pressures (up to 7 bar on a 
boom sprayer) which may have implica
tions for both practical and safe operation. 

The presence of 'air-inclusions' in the 
droplets from both Venturi and twin fluid 
nozzles reduces the velocities of the larger 

droplets (>100 Ilm) by, of the order of, 
50%, reduces bounce and changes the 
droplet behaviour on impact with a target 
surface (Miller e/ al. 1991). There is, how
ever, relatively little published informa
tion on the performance of such spray 
droplets and this is an area where further 
research is required. 

Spray fonnation 
The formation of a spray is an interaction 
between the nozzle and the spray liquid 
and therefore a nozzle's performance is 
likely to be strongly affected by liquid 
properties and hence by the addition of 
adjuvants. Similarly, the way in which any 
adjuvant may act will be nozzle-depend
ent and so it is not possible to generalize 
about the effect of adjuvants on the for
mation of sprays. 

There is a substantial amount of infor
mation in the literature concerning the re
lationship between liquid properties, in
cluding surface tension, viscosity and den
sity, spray formation by flat fan nozzles 
and droplet size distributions. Sprays 
from flat fan nozzles are produced by the 
break-up of fan -shaped liquid sheets 
downstream of the outlet orifice. 
Dombrowski and Johns (1963) identified 
that the interaction of the moving liquid 
sheet with stationary air caused oscilla
tions of the sheet, break-up of the sheet 
into ligaments and then into droplets. 
Dombrowski and Fraser (1954) found that 
viscosity and surface tension influenced 
liquid sheet break up although the effects 
may be complex. For example, increasing 
the surface tension reduced the sheet 
spray angle, leading to a greater liquid 
volume in the rims of the sheet and poten
tially more large droplets. However, the 
onset of sheet oscillations is moved fur
ther from the nozzle, where the sheet is 
thinner, which would tend to lead to 
smaller droplets. Theories of droplet for
mation (reviewed by Lefebvre 1989) sug
gest that, generally, increasing surface ten
sion increases droplet size and measure
ments of droplet size in the centre part of 
the spray support this (Holloway 1994). 
Thus the effect of changing surface tension 
may be difficult to predict. 

Most agricultural spray liquids consist of 
relatively sma ll quantities of chemical for
mulations added to water and hence the 
density of the spray liquid will be similar 
to water alone. Viscosity and surface ten
sion effects are therefore likely to be pa
rameters influencing spray formation 
processes. Other liquid properties may 
also be important and although some, 
such as extensional viscosity (Akesson el 
al. 1994), have been identified the mecha
nisms through which they influe.nce 
spray formation are as yet unknown. 
However, in complex liquids such as 
emulSions, the terms 'surface tension' 
and 'viscosity' become inadequate to 

describe the behaviour of the liquid dur
ing spray formation. Theories of spray 
formation are already mathemalica!1y 
complicated and these have, in the main, 
been derived assuming spray liquids are 
pure and Newtonian (Fraser el al. 1962, 
Ford and Furmidge 1967, Clark and 
Dombrowski 1972a,b, Rangel and 
Sirignano 1988, 1991)). With more com
plex liquids, behaviour may be non
Newtonian and surface tension is prob
ably time dependent. Viscosity of many of 
these liquids is unlikely to be substantially 
different from water at low shear rates, 
but at higher shear rates, pseudo plastic or 
visco-elastic behaviour may result. Recent 
studies of the spray angle produced by a 
defined nozzle geometry using computer 
modelling techniques (Zhou et al . 1996) 
have found good agreement with practi
ca l measurement providing that at low 
pressures in particular the sheet contrac
tion effects due to surface tension are al
lowed fo r using approaches identified by 
Clark and Dombrowski (1972a,b). liquid 
properties are therefore likely to have in
teractions with nozzle geometry, again 
making prediction of the effects on drop
let formation difficult. 

Significant differences in measured 
droplet sizes with different spray liquids 
have been reported, changing both mean 
size distribution (VMD) and the percent
age of small and large droplets (e.g. Bouse 
el al. 1988, Adams el al. 1990, Akesson and 
Gibbs 1990, Bouseel al. 1990, Akesson1.'1 al. 
1994, Holloway 1994, Miller, el al . 1995a). 
Changes in swath pattern have also been 
reported (Chapple ef al. 1993). It has been 
shown that for sprays generated using flat 
fan nozzles, the changes in droplet size 
distribution, droplet velocities and spray 
cross-sectiona l area are consistent with 
observed changes to the method of spray 
formation (Butler Elliset al. in press). How
ever, work to relate changes in droplet 
sizes to liquid properties such as viscosity 
and surface tension have had limited suc
cess (e.g. Chapple et al. 1993, Hall et al. 
1993, Hermanski and Krause 1995), partly 
because of the difficulty in measuring 
these properties at the short surface ages 
and high shear rates involved in droplet 
formation and partly because it is possible 
that not all the important parameters have 
yet been identified. Detailed dynamic sur
face tension measurements, using both 
the maximum bubble pressure method 
with commercially available equipment 
and the experimental oscillating jet 
method for very short surface ages have 
been made (Thomas and Hall 1979, 
Murphy e/ al. 1993, Brazee et al. 1994). 
These show large differences in the rate of 
change of surface tension, within the first 
few milliseconds of surface age, between 
spray liquids. 

Clearly, nozzles which have a different 
spray formation mechanism may be 



affected in different ways by liquid prop
erties. For example, spraying water plus 
0.1% non-ionic surfactant (e.g. AgraJ, 
Zeneca Crop Protection) through twin 
fluid nozzles results in droplets with air 
inclusions (Miller eI al. 1991) which a re 
likely to lead to nominally coarser sprays 
whereas through a flat fan nozzle, the ad
dition of the same surfactant results in a 
finer spray (Miller eI al. 1995a). 

Spray transport 
Spray from a generation system mounted 
on a machine usually travels through the 
air to arrive at the target surface. If the 
target is a crop canopy, then losses can oc
cur as spray drift due to the action of the 
wind and asdirectlosses by run-off to the 
ground. The concept of spray accountancy 
has been considered by a number of au
thors (Combellack 1982, Parkin t t al. 1985, 
Hislop 1987) with results typically show
ing that spray drift accounts fo r a rela
tively small fraction of the total sprayer 
output (e.g. 2% at 25 m downwind for a 
system applying 20 L ha '!, Pa.rkin et al. 
1985, and much lower figures for higher 
volume application rates). The complexity 
of many target structures and the large 
imbalance between different and impor
tant components of the spray accountancy 
ca n make it difficult to draw conclusions 
from such considerations. 

Although only small percentages of 
sprayer output from boom machines op
erating over arable crops are lost as air
borne drift, this loss from the target area 
can pose environmental and human safety 
problems. Considerable technical effort 
has therefore been directed at developing 
methods that will minimize drift from 
both boom and air-assisted machines. The 
initial droplet velocity and spray structure 
are key parameters influencing the risk of 
drift from boom sprayers and have been 
referred to above (Miller et al. 1995b). In
creased downward velocities have a sub
stantial impact on reducing drift and the 
effect of such variables can now be quanti
fied using computer simulation models 
(Miller 1988). The forward motion of a 
boom sprayer causes air to fl ow through 
the spray structure and, in the case of the 
spray from flat fan nozzles, this results in 
trailing vortices that have been identified 
as a major factor contributing to spray 
drift (Young 1991, Miller tI al. 1995b). The 
results from both wind tunnel and field 
experiments with twin-fluid nozzles 
(Miller el al. 1991, Young 1991) have indi
cated that the spray produced by this noz
zle design is more porous to the air flow, 
that air movements around the spray are 
much less pronounced and as a conse
quence spray drift is reduced. The air 
inclusions within the droplets above ap
proximately 100 Ilm produced by this 
nozzle design operating with many spray 
liquids also have implications for spray 
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drift. The presence of the air in a given size 
of droplet reduces the density and the ter
mina l velocity such that the droplet is 
more prone to drift. The air inclusions 
therefore have no role in reducing spray 
d rift, but do allow relatively coarse sprays 
to be used without the disadvantages of 
poor retention characteristics (Rutherford 
tf Ill. 1989). 

Droplets leaving the nozzle entrain an 
air flow which, in turn, influences the 
transport behaviour particula rly of 
smaller droplets. A number of studies 
have aimed at quantifying this air fl ow 
(Briffa and Dombrowski 1966, Ghosh and 
Hunt 1994, Miller et 01. in press) and recent 
studies have also considered how this 
droplet laden air flow will interact with a 
cross flow arising, for example, from the 
forward motion of a boom sprayer 
(Ghosh et at. 1993, Smith and Miller 1994). 

The factors influencing spray drift have 
been reviewed by a number of authors 
(e.g. Elliot and Wilson 1982, Miller 1993). 
For boom sprayers operating in field 
crops, boom height above the target has 
been identified as one of the most critical 
operating va riables (Norby and Skuterud 
1974, Miller 1988) with the quantities of 
spray drift more than doubling for an in
crease in height from 0.5 to 0.7 m (Miller 
1988). Environmental factors and particu
larly wind speed have also been shown to 
influence drift with a number of authors 
showing that, for the range of practical 
fie ld operating conditions, drift increases 
approximately linearly with increasing 
wind speed (Miller el 01. 1991, Miller 1993). 

'Drift-Reduction' adjuvants are avail
able which supposed ly modify the spray 
by increasing the droplet size and thereby 
reduce the volume of spray contained in 
droplets which are prone to drift. Miller 
t t 01. (1995a) have shown that o ther 
adjuvants, not specifically designed or 
marketed as drift-reducers have a signifi
cant e ffect on the volume of liquid con
tained in such droplets. 

Adjuvants can also influence the rate of 
evaporation of droplets and the residual 
droplet s ize after evaporation. Using a 
computer simulation model, Hobson el 01. 
(1993) showed that differences in the 
quantity of spray drift from boom 
sprayers of more than 100% could be ex
pected from different evaporating condi
tions and typical mean wind speeds. 

Spray generator performance 
assessments 
The main performance parameters relat
ing to spray generation system perform
ance are fl ow rate, droplet size and veloc
ity distribution and the lateral distribution 
of spray liquid . For hydraulic pressure 
nozzles there is now an International 
Standard relating to the colour coding for 
identification of flow rate which allows a 
manufacturing to lerance of :1:5% of the 

nominal flow rate value for a given pres
sure. 

Droplet size meaSllremetlts 
Droplet size distributions can be measured 
by capturing a sample of spray on a sur
face (water-sensitive paper, magnesium 
oxide or oil) and sizing using a microscope, 
purpose-built analyser or image analysis 
system. However, small droplets tend to 
follow air streams and therefore the sam
ple that impacts on the collection surface is 
biased since most of the small droplet frac
tion will not impact on the surface (May 
and Clifford 1967). The surface must also 
be ca librated to account for droplet 
spreading on contact. Many droplet size 
distributions are now determined in-flight 
by using one of a number of designs of 
laser-based instruments. These instru
ments use different operating principles 
and sampling methods and these have 
been reviewed by Parkin (1993). A 
number of studies have compared the nu
merical results obtained with different in
strument systems e.g. Arnold (1987) and, 
although some of the effects of different 
sampling approaches can be accounted 
for, numerical results from d ifferent sys
tems operating in d irectly comparable 
spray conditions still show discrepancies. 
Because of this, the British Crop Protection 
Council (SCPC) have defined a classifica
tion scheme using reference flat fan noz
zles to define five spray categories from 
very fine to very coarse. This scheme is 
now well established in the United King
dom being used on chemical product la
bels, in codes of p ractice and in operating 
instructions for application machinery. 
Similar schemes have also been adopted 
in a number of other European coun
tries. 

The BCPC classification protocol uses a 
spray liqUid of water plus 0.1% of a nen
ionic surfactant, Agral (Zeneca Crop Pro
tection). Clearly, other spray liquids, such 
as those made with a commercial formula
tion, could result in a droplet spectrum su{
fidently different to alter the classification. 
The addition of adjuvants may fu rther en
hance these d ifferences or may mitigate 
them. The interaction between nozzles 
and liquid properties are not currently 
well enough understood to allow reliable 
prediction of the influence that an adjuvant 
will have on spray quality. 

A further complication caused by the 
addition of adjuvants is the effect of d rop
let structure on the measurement tech
nique. Phase Doppler analysis in forward 
scatter relies upon light refracting through 
a transparent spherical droplet to measure 
diameters accurately. internal interfaces 
caused by air bubbles or emulsion drop
lets can disrupt the light path sufficiently 
to prevent realistic measurements being 
made. Thus ca re has to be taken when 
measuring sprays containing chemicals 
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that the technique employed is not com
promised by the liquid. 

Wind tumlei measurements 
Most existing spray classification systems 
relate only to the droplet size distribution. 
While this is a very important parameter 
determining both the physical and bio
logical behaviour of droplets it does not 
give the complete picture. Droplet veloci
ties, entrained air flows and spray struc
tures also substantially influence the be
haviour of droplets in the transport stage 
from nozzle to target and in the region of 
the target. Work in the United Kingdom 
and in Germany is now being conducted 
to extend the existing spray classification 
approaches to include wind tunnel studies 
of spray behaviour. An initial study de-
fined measurement protocols for a stand
ardized wind tunnel test based on single 
nozzles, but more recent studies (Miller eI 
al. 1995b) have shown the need to account 
for adjacent nozzles on a boom, particu
larly if the spray structure is likely to pro
vide a relatively non-porous barrier to air 
flow. Wind tunnel studies should provide 
informa tion on the influence of droplet 
size, velocity and spray structure on spray 
transport. These effects are important 
when assessing the risk of spray drift, the 
behaviour of droplets on impact with the 
target and may also enable the classifica
tion of those sprays which cannot easily be 
c.1assified under the existing scheme based 
solely on droplet size d istributions. 

Behaviourclose to the target 

Impaction on target surfaces 
The conditions determining whether or 
not a droplet will impact on a collecting 
surface has been related to the characteris-
tic dimensions of the surface and the local 
air velocities in the region of the surface 
(May and Clifford 1967). Small droplets 
travelling in slow moving air streams will 
not impact on surfaces unless the dimen
sionsofthe surface are very sma ll. There is 
little information available concerning the 
local air velocities around target surfaces, 
which will clearly depend upon the appli
cation method and the crop structure. 

Retention and caverage of the target 
There are many ways in which adjuvants 
act (retention, spreading, uptake and 
translocation will all be affected by liquid 
properties) and it is difficult to assess the 
relative contributions of these mecha
nisms to the biological effect. Retention 
and spreading of individual droplets are 
pa rticularly affected by the surfactant
plant interaction, whereas uptake and 
translocation are more likely to depend 
upon the more complex surfactant-pesti
tide-plant interaction (van Toor et nl. 1994). 
In add ition, the mode of action of pesti
cides varies, so it is important to ensure 

that, if the adjuvant is to improve the effi
cacy of the pesticide, the appropriate 
mechanism is being enhanced . 

The mechanisms involved in retention 
of liquid upon the target leaf and the de
gree of coverage achieved is as complex (if 
not more so) than droplet formation and 
transport. Whether the droplets rebound 
or adhere, whether they spread, roll off, 
fragment or coalesce with other droplets, 
will determine the total amount retained 
on the target and the uniformity of cover
age. These factors are dependent on drop
let size and velocity, volume of applica
tion. surface and bulk properties of the 
liquid and plant characteristics. Therefore 
in addition to a ltering droplet size and ve
locity, the use of adjuvants can affect 
retention and coverage by altering the in
teraction between the plant and the liquid, 
with this interaction being dependent on 
the target species. 

Much work has been undertaken to 
study the effect of liquid properties on as-
peets of retention and coverage, some of 
which has been reviewed by Holloway 
(1995). The sequence of events surround
ing the impact of a drop let on a solid 
substrate has been well documented, and 
summarized by Holloway (1994) and 
Tadros (1994). Mathematical descriptions 
of the processes involved have also been 
developed (e.g. Hartley and Brunskill 
1958, Brazee f!I nl. 1991, Tadros 1994) with 
varying degrees of complexity. 

Experimental investigations into the e(

fect of adjuvants on retention have shown 
a range of responses. Holloway (1994) in
vestigated the effect of mean mola r ethyl
ene oxide (EO) content on retention on a 
variety of target leaves and determined 
that EO content was an important factor in 
retention of spray droplet on difficult-to
wet targets, with EO contents <10 per
forming poorly. Because the addition of a 
surfactant can lead to smaller droplets 
travelling slower, one would expect reten
tion to be increased as a consequence. 
However, Hall f!I nl. (1993) reported that 
an adjuvant which increased the propor
tion of large droplets in a spray actually 
reduced the number of droplets which 
were reflected from the surface of cabbage 
leaves, despite the fact that larger droplets 
are likely to be travelling fa sler and be 
more susceptible to reflection. Bukovac f!I 
a/. (1995) also found a number of adjuvants 
reduced the renection from cabbage 
leaves and that there was no correlation 
between retention and equilibrium surface 
tension but a high correlation between re
tention and surface tension at surface ages 
between 0.5 and 10 ms. 

Since the impaction of a droplet on the 
leaf takes place w ithin mi lliseconds, initial 
retention of the droplet on the leaf is more 
likely to depend upon dynamic proper
ties, such as dynamiC surface tension, than 
on equilibrium properties. Several studies 

(e.g. Anderson and Hall 1989, Stevens f!I al. 
1993) have suggested that the adhesion of 
droplets to the target leaf is correlated 
with dynamiC surface tension. Organo
si licone surfactants, for examp le. have a 
high rate of change of surface tension and 
so have the potential to increase adhesion 
and so improve the retention on the target 
(Stevens et nl. 1993). 

However, spraying suffident volume so 
that run-off is achieved e1iminates many 
of the dynamic effects and showed that 
retention increased with increasing equi
librium surface tension and is largely inde
pendent of dynamic surface tension 
(Cooper and Hall 1993). This serves to 
show that the way in which adjuvants are 
used in experiments is crucial to the results 
achieved. In order to ensure that these re
sults are not extrapolated inappropriately 
it is important to begin to understand the 
underlying mechanisms. 

The theory of spreading of droplets on a 
solid substrate isouUined by Tadros (19?4) 
and s uggests that reducing equilibrium 
surface tension reduces contact angle and 
consequently increases spreading. Experi
mental investigations into the effect of liq
uids on droplet spreading have shown a 
wide va riety of responses to adjuvants, 
demonstrating that the processes in
volved are not straightforward. For exam
ple. the addition of surfactants to an ac
etone-water solution of glyphosate had a 
significant influence on its spreading prop
erties without changing its equilibrium 
surface tension (van Toor d al . 1994). 
Many surfactants have little or no effect on 
spreading on easy-to-wet targets a l
though the best spreaders currently avail
able, which can have a significant effect, 
are organosilicone surfactants with a very 
low (-20 mN m·') equilibrium surface ten
sion (Holloway 1994). It is commonly 
assumed that increasing spreading by re
ducing surface tension leads to improved 
efficacy (M urphy d al. 1993). However, 
Brumbaugh d al. (1995) suggest that low
ering surface tension and increasing 
spreading can reduce weed control, which 
may be due to a reduced concentration 
gradient (Tadros 1994) or more simply 
because too much spreading led to run-off 
and a lower tota l dose. Organosilicone 
surfa ctants were shown to exhibit greater 
spreading than fluorocarbon surfactants 
which have a greater effect in reducing 
surface tension (Murphy d al . 1993). 
Clearly, facto rs other than equilibrium 
surface tension are important and, in pa r
ticular, interfacial tension (between the 
leafand the liquid) and the physical prop
erties of the leaf surface need to be consid
ered . 

Conclusions 
The addition of adjuvants to pesticide 
sprays affects all elements o( the appli
cation process. No one aspect can be 



considered in isolation when investigating 
Ihe effecl adjuvants have. For example, a 
surfactant that improves uptake may af~ 
fed droplet formation and transport and 
similarly, drift reducers may also influence 
uptake. Few studies have taken all thedif
ferent elements into account and there is a 
need to pulilhe available information to
gether if the modes of action of adjuvants 
are to be full y understood. Many authors 
acknowledge that some adjuvants dem
onstrate effects on the application of pesti
cides which are not fully explained by cur
rent theories. 

Unfortunately, al though substantial 
progress has been made in the develop
ment of methods for measuring and pre
dicting spray formation and behaviour, 
many of the individual processes which 
adjuvants can influence are not well un
derstood. For example, the mechanisms of 
spray formation are modified by the addi
tion of adjuvants but all of the relevant 
physical liquid properties are which are 
responsible for these changes have not yet 
been identified. Consequently it is only 
possible to eval uate the effect of an 
adjuvant on the efficacy of a pesticide by 
experimental means and this can rarelybe 
extrapolated to other situations. 

Once the underlying modes of action o f 
adjuvants have been identified and under
stood, it will become feasible to predict 
their overa ll effect on the efficacy o f a pes
ticide application. It may even be possible 
to design adjuva nts which will promote 
the positive aspects (such as target cover
age and uptake) and reduce any negative 
aspects (losses due to spray drift or run~ 
off) of the application process and thereby 
substantially improve pesticide efficiency. 
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