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Abstract Spray characteristics were investigated to determine the optimum aerosol spray for insecticides
while considering volatile organic carbon (VOC) reduction. Our ultimate goal is to improve the efficiency of
killing insects while using less aerosol spray, which contains chemicals, oil, and dimethyl ether (DME). The
chemical content of the aerosol is greatly reduced in the attachment region 1-2 m from the nozzle. Most of
the oil and propellant fail to reach the target, and fall on the ground. The propellant is used to break droplets
into smaller droplets and to carry them to the target. Most of the propellant’s energy is used for carrying
these droplets, although the remaining droplets are very small compared to those produced at the nozzle. We
investigated the droplet characteristics over the entire distance from the nozzle to the target. Here, we tested
different nozzle dimensions and compared single- and double-hole nozzles. Furthermore, the effect of
surfactant on the agglomeration and break-up of spray were investigated. We measured the spray
characteristics near the nozzle to evaluate the droplet-forming process by examining droplet separation,
agglomeration, collision, and size to elucidate the spray behavior and determine the dominant factors
involved in designing and developing a nozzle for spraying insecticides most effectively. With a single-hole
nozzle, the droplet velocity at 30 mm from the nozzle was 25 m/s, and this decreased with distance to almost
10 m/s at 110 mm from the nozzle, indicating that the droplets lost momentum. Most of the droplets were
carried by the surrounding cloud of pressurized gas. The droplet diameter increased with distance, while the
velocity decreased. The droplet diameter (D32) at the nozzle exit was about 50 µm. The droplets collided,
separated, and agglomerated to attain a size of 75 µm at 120 mm. As agglomeration occurred, the droplet
diameter increased to between 75 and 80 µm. We measured the same characteristics for double-hole nozzles.
The initial droplet velocity was lower with the double-hole nozzle than with the single-hole nozzle. The
initial droplet size was about 35 µm and this increased to 60 µm at 120 mm. Therefore, the key factor for
developing the optimum nozzle for spraying insecticides is not the number of holes or nozzle diameter, but
the agglomeration process and formation of effective diameter with surfactant in consideration of minimizing
spray fall on the floor. The key to developing a system that decreases VOC dramatically is how the effective
droplets at 1 m away from the nozzle exit can be produced at the nozzle exit. Droplet diameter and velocity
when exiting the nozzle need to be understood quantitatively and controlled; the most important
considerations are to maximize spray agglomeration coefficient, in order to deliver droplets with an effective
diameter to the target, and to reduce the number of oversized droplets failing to reach the target.

1. Introduction
The most widely used spray technology of the household aerosol in a pressurized can is
commerciallized, which is a simple system and well-developed technology. Total household aerosol
production is decreasing as manufacturers switch to hand sprays, which use pump technology [1].
Nevertheless, total annual insecticide production is increasing. There are three main problems with
pressurized aerosol sprays: the production of volatile organic compounds (VOCs) [2-5], the use of
oil-based energy, and the danger of explosion after disposal because of flammability. In the near
future, restrictions will be placed on the VOC and greenhouse gas contents of pressurized aerosol
spray cans. The European Union (EU) has agreed to reduce emissions of greenhouse gases by 8%
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by 2010 [6]. Therefore, it is necessary to develop more efficient aerosol spray cans, with lower
VOC and dimethyl ether (DME) contents. The initial goal in developing household aerosol sprays
was to produce an inexpensive aerosol spray in a compact system, at low cost. In the development
of aerosol nozzles that deliver insecticides effectively and optimally, they are conventionally
evaluated by determining the knock down time and the content remaining.
We have investigated various aspects of aerosol sprays in terms of their effectiveness at reaching
and attaching to insect targets and the physical properties of the spray device to reduce the release
of VOC, which is an environmental hazard along with the liquefied propellant, and to develop a
more effective insecticide spray device in terms of atomization and transportation energy, which are
the main energies involved in aerosol sprays. Much effort has been put into minimizing the time
required for fly knock down by manipulating the spray characteristics, the amount of chemicals, and
spray distance, while maintaining an economic perspective. Currently, the parameters used in
insecticide development are bioassay methods and the estimated knockdown of 50% of the insects
(KD50) [7-19]. The bioassay method measures the amount of insecticide on a target insect after
spraying it with an insecticide. The KD50 is the time required to knock down 50% of the test
insects. Figure 1 and Table 1 show typical results obtained using the KD50 values and bioassay
method. We found that the attachment rate is higher with a single-hole nozzle than with a doublehole nozzle. Studies have found that the effective amount of killing insecticide is less than 60 ppm
of that actually used, with most of the spray falling to the ground or evaporating.
Many factors must be considered in the practical development of insecticide sprays, including the
effective droplet size and density, the surfactant, the amount of chemicals, the evaporation process,
the propellant, flammability and cost. However, much less research has examined the spray
characteristics from the nozzle, carrying process, attachment process, and effectiveness at killing
insects. Figure 2 shows the items that should be considered in developing the effective insecticide.
These items are about attachment phenomena of droplets on insects and spray characteristics. The
attachment phenomena were observed by using high-speed camera and spray characteristics were
measured by optical diagnostics.
This study aims to demonstrate a new guideline of insecticide developments with hydrodynamic
standpoint and identify the droplet characteristics that would allow a reduction in VOC content
using optical diagnostics. We observed enlarged images of the area near the target insect to measure
droplet attachment to test insects obtained using a high-speed camera with a long-distance
microscope. We measured the spray characteristics near the nozzle to evaluate the break up of spray
and the droplet-formation process by examining droplet separation, agglomeration, collision, and
size to elucidate the spray behavior and determine the dominant factors involved in designing and
developing an aerosol spray nozzle for spraying insecticides most effectively.
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Fig. 1 Sample data on the KD50 and the amount of attachment
-2-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

Table 1 Attachment rate with single and double-hole nozzles
Liquid/Gas
Single-hole nozzle

Double-hole nozzle

Amount injected
(mg)
2.58
1.27
1.27

Case 1

Case 2

1.30
1.23
0.62

Case 3

1.22
0.62

Case 1

2.52
1.20

Case 2

5.22
3.85
2.60
1.25
1.20

Case 3

2.40
1.24
1.20
1.20

Amount attached
(μg/insect)
0.1320
0.0672
0.0665
Average
0.0792
0.0821
0.0350
Average
0.0809
0.0383
Average
0.0489
0.0226
Average
0.1410
0.1100
0.0755
0.0372
0.0298
Average
0.0856
0.0506
0.0453
0.0367
Average

Attachment rate
(ppm)
51.2
52.9
52.4
52.1
60.9
66.7
56.5
61.4
66.3
61.8
64.0
19.4
18.8
19.1
27.0
28.6
29.0
29.8
24.8
27.8
35.7
40.8
37.8
30.6
36.2

④
①②③
⑤⑦

B

A

⑥

⑧

Test insect

1. Droplet diameter that easy to attach on the insect

7. Effect of surface tension (surfactant)

2. Liquid amount that easy to attach on the insect

8. Mechanisms and characteristics of
- Injection
- Atomization
- Agglomeration
- Drop down
- Flight
- Attachment

3. Attachment mechanisms of droplets on insect
4. Spray transport characteristics (A

B)

5. Spray characteristics near the nozzle
6. Spray characteristics that drop down

Fig. 2 Items to develop the high efficiency insecticide

2. Droplet attachment on the insects
2.1 Experimental set-up
As thinking about the attachment of the droplets to the insect, it is very important to reveal the
optimum and effective droplet size and attachment mechanism as well as droplet number density.
We observed enlarged high-speed images of the area near the target insect to observe the droplet
attachment to the test insect using a high-speed camera with a long-distance microscope to elucidate
how and where droplets attached to the test insect and the characteristics of the droplets that
attached to the test insect.
A schematic of the high-speed camera system and the specifications of the high-speed camera and
long-distance microscope are shown in Fig. 3. The light source was an argon-ion laser (Spectra
Physics, Stabilite 2017-Ar-ion Laser, wavelength: 514.5 nm). A series of lenses formed the laser
light into a 1.0-mm-thick sheet that illuminated a vertical plane for the high-speed camera
(Shimadzu, Hyper vision HEX-108, Maximum camera speed: 1 Mfps), which obtained high-speed
images through a long-distance microscope (working distance 280 mm). The charge coupled device
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(CCD) array consisted of 316×260 pixels and the area visualized at focal length was 6.0×4.9 mm.
An injection control unit controlled the start of spray injection and the high-speed camera system.
In each condition, at least ten insect samples were examined. The target insect was held in place
with a pin. The droplets reached at the test insects at about 0.8 s after injection started, and passed
through at 1.8 s. The measurements were conducted at three timings (t=0.8, 1.3 and 1.8 s) in order
to evaluate the spray characteristics at the cloud tip, middle of the spray cloud and the spray tail.
2.2 High-speed Images
Figure 4 shows enlarged high-speed images of (a) dead and (b) live test insects. In Fig. 4 (a), many
droplets were observed but we could see that only a few droplets attached to the test insects. Figure
4 (b) shows the live test insects case. The droplets were affected by the movement of wings and
accelerated and deaccelerated. The number of droplets attached to the live insects was the same
order with the dead insect. These results were one of the proofs that only 60 ppm of killing
insecticide was actually used to kill the insects. The attachment point could be seen at the tip of
mouth, eyes, legs, skin hair and so on as shown in Fig. 5. However, we could not make clear that
where is the most effective part to kill the insects, the effective liquid amount and attachment
mechanism of droplets on the target insects because we used the laser sheet as a light source, just
illuminating only sheet region not entire insect surface. For efficiency improvement with much
reduction of falling droplet, it is necessary to make clear the optimum spray characteristics from the
injector to the target insects. Therefore, the spray characteristics were investigated to develop the
insecticide using dual PDA system in following section.

Transmitter Ar-ion laser

Long-distance
microscope

High-speed camera

Insect

Injection
control unit

High-speed camera
control unit

High-speed camera with
Long distance microscope
Specifications of the high-speed camera
(Shimadzu, Hyper Vision HEX-108)
Camera speed

30fps～1 Mfps

Exposure time

1/2, 1/4, 1/8

Resolution

316 x 260 pixels

Gain

×1 ～ ×50

Specifications of the long-distance microscope
-Cassegrain optics
-WD (working distance): 200 ~ 280 mm
-View area: appr. 6 x 5 mm

PC

High-speed camera and control unit

Fig. 3 Schematic of the experimental apparatus consisting of a high-speed camera system and
specifications of the high-speed camera with long-distance microscope
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(a) Dead test insect
Camera speed: 2 kFPS, Exposure time: 250ms
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(b) Live test insect
Fig. 4 High-speed enlarged images near test insect area
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Double-hole nozzle without surfactant, middle of the spray cloud (t=1.3s)
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100 ms

Single-hole nozzle without surfactant, spray tail (t=1.8s)

50 ms

Mouth

1 mm

Fig. 5 Examples of droplets attachment on insects

3. Spray characteristics
3.1 Experimental set-up
Figure 6 shows a schematic of the PDA system (Dantec, Dual PDA System) used to obtain the
spray characteristics of the insecticide aerosol spray in this study. An argon-ion laser (Spectra
Physics, Stabilite 2017-Ar-ion laser, wavelength: 514.5, 488 nm) was used as a light source for the
PDA system and the laser power was set to 1.0 W. The injection control unit controlled not only the
start of spray injection but also the high-speed camera and PDA systems. For each point, 20,000
data values were collected and evaluated. The experiments were conducted under atmospheric
conditions. The PDA system was optimized to obtain a high sampling rate. Figure 7 shows the areas
where the PDA system measured the diameter and velocity of the insecticide aerosol spray: area 1
(near the spray nozzle (Z = 10~110 mm)), area 2 (Z = 630 mm), area 3 (Z = 1,060 mm), and area 4
(near test insect (Z = 1,510 mm)). We tested two different nozzles: single-hole and double-hole. For
the single-hole nozzle, measurements were made with and without a surfactant. The spray duration
was 200 ms, and was controlled by the injection control unit.
Figure 8 shows the experimental conditions. We measured the spray characteristics of three
insecticides, single-hole nozzle with surfactant, single-hole nozzle without surfactant and double
hole nozzle without surfactant to investigate the effect of surfactant on the agglomeration and
break-up of spray and the effect of nozzle (single and double-hole) on spray characteristics.
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Fig.6 Schematic of the experimental Phase Doppler Anemometer system and the
specifications of the PDA system
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Fig. 7 Measurement points for the PDA system
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Condition #1. Single-hole nozzle with surfactant
#2. Single-hole nozzle without surfactant
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#1

#2 Effect of surfactant on agglomeration and break-up of spray

#2

#3 Effect of nozzle (single and double-hole) on spray characteristics

Fig. 8 Experimental conditions

3.2 Spray characteristics at the target point (insect surface)
Table 1 summarizes the results for aerosol sprays produced using single- and double-hole nozzles,
using the bioassay method to determine the attachment rate. The single-hole nozzle was the most
effective for killing insects. Although the bioassay method is very useful for developing insecticide
systems, it cannot evaluate the droplet characteristics over time, which is needed to evaluate the
movement, collision, and agglomeration of flying droplets.
First, we measured the spray characteristics of single and double-hole nozzles at the target point
near the test insect (Y = 0 mm, Z = 1,510 mm) and the results are shown in Fig. 9. The droplet
diameter for single-hole nozzle without surfactant, which was the most effective aerosol spray for
killing insects, was D32=37.45 µm. There was no significant difference between a single-hole
nozzle with and without surfactant in terms of droplet diameter and the probability density function
(PDF). The diameter for a double-hole nozzle without surfactant was D32=21.10 µm. From this
result, we found that the effective diameter was around D32=40 μm and there was no effect of
surfactant on the spray diameter at the target point.
Next section, we focused on the droplets flight characteristics from the nozzle to the target point,
how to improve the efficiency and optimum initial droplet characteristics.
3.3 Flight characteristics of droplets
The characteristics of flight droplets from the nozzle to the target point were measured to
investigate how the droplets transport by PDA. Figure 10 shows the spray characteristics of droplet
diameter, velocity at each measurement areas. For single-hole nozzle without surfactant, the
droplets velocity was around 17 m/s just near the nozzle exit (area 1), and deaccelerated less than 1
m/s suddenly at area 2 (Z=630mm). Then the droplets moved at constant velocity toward the target
point. The droplet diameter of D32 was decreased from 60 μm (area 1) to 30 μm (area 2) because of
the atomization. Then the droplet diameter increased (D32=80 μm) at the area 3. This is because that
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Fig. 9 Comparison of the spray characteristics of single and double-hole nozzles at the target
point near the test insect (Y = 0mm, Z = 1,510mm)
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Fig.10 Spray characteristics (Y=0mm, Z=90, 630, 1,060, 1,510mm)
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the droplets lost the momentum due to the atomization and deacceleration by slip velocity with air
and became easy to agglomeration. At the target point (area 4), the droplet diameter decreased again
(35 μm) because the large droplet resulting from agglomeration dropped down before the target
point. These dropped down spray lead to the VOC problem. For single-hole nozzle with surfactant,
droplet velocity near the nozzle exit (area 1) was slower than that of without surfactant case, but at
the area 2~4, the velocity was equal to the value without surfactant case. The droplet diameter was
almost same near the nozzle exit (area 1) but the diameter was larger than that without surfactant at
area 2. This is because that the agglomeration occurred at earlier stage than without surfactant case
due to the slower initial droplet velocity. At area 3 and 4, the diameter was almost same without
surfactant case. As the result, the surfactant has no effect on the droplet characteristics at target
point. For the double-hole nozzle, droplet velocity was slower and well atomized droplet was
injected near the nozzle exit (area 1). The distribution of droplet diameters at Z = 90 mm (area 1)
was very different for the single- and double-hole nozzles. For double-hole nozzle without
surfactant, the atomization process occurred earlier and the diameter distribution was narrow. And
agglomeration occurred at a distance of 630 mm (area 2). This resulted in a difference in the spray
characteristics at the target. After the agglomeration point, the droplet diameter again decreased
with distance and was about 40 µm at the target with the single-hole nozzle and about 20 µm with
the double-hole nozzle.
3.4 Initial spray characteristics near the nozzle
Figure 11 shows the comparison of droplet momentum for single- and double-hole nozzles. The
aerosol spray had a large initial velocity, but lost momentum with distance with both nozzles. For
both nozzles, the velocity increased over the initial 30 mm as the diameter decreased because of
atomization. After Z = 30 mm, the diameter increased with distance in both cases, while droplet
velocity decreased, resulting in a loss of momentum. The droplets agglomerated at 90 to 100 mm
from the nozzle exit. We concluded that aerosol spray formation did not depend on the size or
number of holes in the nozzle, but was determined by the agglomeration process.
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Fig.11 Comparison of momentum between single and double-hole nozzle
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Most of the insecticide droplets fell on the ground or evaporated, and less than 60 ppm of the
insecticide spray reached the target insect 1 to 2 m away from the nozzle. Although we used a
surfactant to improve spray formation process to have narrow diameter, the surfactant effect on
droplet diameter can not observed. In the future, we plan to study the droplet density. The spray
characteristics of agglomeration, collision, the fall of over-sized droplets before reaching the target,
chemical transport, the effectiveness of droplet attachment to the insect, the effect of surfactants,
and knock down time will be examined further, using PDA data and insect knockdown results.

4. Conclusions
We demonstrated a new guideline of insecticide developments with hydrodynamic standpoint and
measured droplet characteristics to optimize the design of insecticide aerosols.
We demonstrated high-speed visualization to elucidate how and where droplets attach to test insects
and the characteristics of the attached droplets. We could see only a few droplets attached to the test
insects. Using the live insects, the droplets were affected by the movement of wings and accelerated
and deaccelerated. These results were one of the proofs that only 60 ppm of killing insecticide was
actually used to kill the insects.
We measured the spray characteristics to investigate the surfactant effect on the spray
characteristics and test the different nozzles using a dual PDA system. Effective droplet diameter to
kill the insect was around D32=40 μm and surfactant was less effect on the spray characteristics at
the target point. Surfactant effect could be seen in the agglomeration process. The agglomeration
process was also affected by nozzles. Small droplets that well atomized became larger due to the
agglomeration and fell on the ground. The spray characteristics showed that the most important
factor determining the formation of effective droplets is the agglomeration process during droplet
transport. The results indicate that the key factor for developing the optimum nozzle for spraying
insecticides is not the number of holes or nozzle diameter, but the agglomeration process. Further
experiments are planned to decrease the VOC content in aerosol sprays.

References
1. Aerosol Industry Association of Japan, http://www.aerosolshimbun.com/New0817H17.htm, 2005.
2. Pierucci S., Rosso D. R., Bombardi D., Concu A., Lugli G., An innovative sustainable process
for VOCs recovery from spray paint booths, Energy, 30, pp.377-1386, 2005
3. Netten, C. V., Analysis and Implications of Aircraft Disinsectants, The Science of the Total
Environment, 293, pp. 257-262, 2002
4. Yates, M., Blanco, J., Avila, P. and Martin, M.P., Honeycomb Monoliths of Activated Carbons
for Effluent Gas Purification, Microporous and Mesoporous Materials, 37, pp. 201-209, 2000
5. Pauluhn, J., Hazard Identification and Risk Assessment of Pyrethroids in the Indoor Environment,
Toxicology Letters, 107, pp. 193-199, 1999
6. Yule A. J., The Household Aerosol: Present and Future of the World’s Largest Market for Spray
Technology, Proc. 9th International Conference on Liquid Atomization and Spray Systems
(ICLASS 2003), Invited Lectures, 2003
7. Kostaropoulos I., Papadopoulos A. I., Metaxakis A., Boukouvala E., Papadopoulou-Mourkidou
E., Glutathione S-transferase in the defence against pyrethroids in insects, Insect Biochemistry and
Molecular Biology, 31, pp. 313-319, 2001
8. Jantan I., Zaki Z. M., Ahmad A. R., Ahmad R., Evaluation of smoke from mosquito coils
containing Malaysian plants against Aedes aegypti, Fitoterapia, 70, pp. 237-243, 1999
6. Gaunt L. F., Hughes J. F., Harrison N. M., Electrostatic deposition of charged insecticide spray
on electrically isolated insects, Journal of Electrostatics, 57, pp. 35-47, 2003

- 11 -

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

7. Hughes J. F., Gaunt L. F., Gaynor P. T., Electrostatic targeting for allergen removal and pest
control applications, Journal of Electrostatics, 55, pp. 237-245, 2002
8. Ninsin, K. D., Mo, J. And Miyata, T., Decreased Susceptibilities of Four Field Populations of the
Diamondback Moth, Plutella Sylostella (L.) (Lepidoptera: Yponomeutidae), to Acetamiprid, Appl.
Entomol. Zool. 35 (4), pp. 591-595, 2000
9. Ura, K., Kai, T., Sakata, S., Iguchi, T. and Arizono, K., Aquatic Acute Toxicity Testing Using
the Nematode Caenorhabditis Elegans, Journal of Health Science, 48 (6), pp. 583-586, 2002
10. Yoo, J. K., Lee, S. W., Ahn, Y. J., Nagata, T. and Shono, T., Altered Acetylcholinesterase as a
Resistance Mechanism in the Brown Planthopper (Homoptera: Delphacidae), Nilaparvata lugens
Stål, Appl. Entomol. Zool., 37 (1), pp. 37-41, 2002
11. Hori, M. and Kasaishi, Y., Estimation of the Phosphine Resistance Level of the Cigarette Beetle,
Lasioderma Serricorne (Fabricius) (Coleoptera: Anobiidae), by the Knockdown Time of Adult,
Appl. Entomol. Zool., 40 (4), pp. 557-561, 2005
12. Hori, M. and Kasaishi, Y., Development of a New Assay Method for Quickly Evaluating
Phosphine Resistance of the Cigarette Beetle, Lasioderma serricorne (Fabricius) (Coleoptera:
Anobiidae), Based on Knockdown of the Adult Beetles, Appl. Entomol. Zool., 40 (1), pp. 99-104,
2005
13. Tomioka, H., Yano, T. Takada, Y., Takeda, H. and Hirata, N., Insecticidal Activity of Novel
Trihaloimidazole Derivatives against a Wild Colony of German Cockroaches (Blattella germanica),
Agric. Biol. Chem., 55 (6), pp. 1601-1606, 1991
14. Elliott, M., Farnham, A. W., Janes, N. F., Johnson, D. M., Pulman, D. A., and Sawicki, R. M.,
Insecticidal Amides with Selective Potency against a Resistant (Super-kdr) Strain of Houseflies
(Musca domestica L.), Agric. Biol. Chem., 50 (5), pp. 1347-1349, 1986
15. Tsurubuchi, Y., Karasawa, A., Nagata, K., Shono, T. and Kono, Y., Insecticidal Activity of
Oxadiazine Insecticide Indoxacarb and Its N-Decarbomethoxylated Metabolite and Their
Modulations of Voltage-Gated Sodium Channels, Appl. Entomol. Zool., 36 (3), pp. 381-385, 2001
16. Nair, M. G., Mansingh, A. P., and Burke B. A., Insecticidal Properties of SomeMetabolites of
Jamaican Piper spp., and the Amides Synthesized from 5,6-Z and E-Butenolides of Piper fadyenii,
Agric. Biol. Chem., 50 (12), pp. 3053-3058, 1986 17. Miyamoto, T. and Mikawa, T., Oxidative
Glutathione Conjugation and Its Novel Role in Activation of the Organophosphorus Insecticide
Prothiofos, J. Pestic. Sci., 30 (1), pp. 31–38, 2005
18. Ujihara, K., Mori, T., Iwasaki, T., Sugano, M., Shono, Y. And Matsuo N., Metofluthrin: A
Potent New Synthetic Pyrethroid with High Vapor Activity against Mosquitoes, Biosci.
Biotetechnol. Biochem., 68 (1), pp. 170-174, 2004
19. Takatsuka, J. and Kunimi, Y., Lethal Effects of Spodoptera Exigua Nucleopolyhedrovirus
Isolated in Shiga Prefecture, Japan, on Larvae of the Beet Armyworm, Spodoptera Exigua
(Lepidoptera: Noctuidae), Appl. Entomol. Zool. 37 (1), pp. 93–101,2002

- 12 -

