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Experimental Examination of Factors that Affect Dust Generation 

MARC A.E. PLINKE, DAVID LEITH, DAVID B. HOLSTEIN, AND MARYANNE G. BoUNDY 

Deparrmenl of Environmenral Sciences and EngiTU'ering. University of Nonh Carolina (J/ 

ChapC: Hill. Chapel Hill. NC 27599 

A method is presente.d to examine factors that affect the amount and Slze distribution of 

dust generated by falling granular material in still air. This work was conducted using an 

apparatus wit~ separate dust generating and dust measuring sections. The dust generated by a 

falling material was carried into an elutriation celumn equipped with a slotted Sierra high 

volume impactor at the tcp. This apparatus can measure dust gen,eration rates for particles 

between 0.4 and 25 urn in aerodynamic diameter as well as th~ amount of air entrained by the 

falling material. Four granular materials wer! tested, and a simple model was developed to 

describe the dust generation rate of thc.:se materials as a function of particle size, drop height, 

material flow, and moisture content. Moisture content strongly influenced the interparticle 

binding forces and the amount of dust generated. Drop height and material flow influenced 

the material separation forces and also showed significant influence on the amount of dust 

generated. 

BACKGROUND 

Powders and granulated solids are used through'Jut industry. The handling of these 

materials at locations such a.(, transfer points or bagging and dumping operations generates dust 

that may affect worker hea1th, create a safety pmblem, or cause a nuisance. To evaluate the 

extent of these hazards, th'e dust concentration in the breathing zone of the worker must be 

determined. This concentration depends both on the dust generation rate of the material and 

its dispersion. The focus of this research was to investigate factors that affect dust generation 
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rate as a function of ;article size. 

The hypothesis examined here was that dust generation depends or. the ratio of forces that 

separate granular material to forces that bind granular material together, 

DUSl Generarion Rare = f (SeparalionjorceslBiruiing forces) (I) 

Both mass generation rate and size distribution of the generated dust are important; 

generation rate determines mass concentration whereas size distribution affects dispersion 

throughout the workplace and determines where inhaled particles collect in the respiratory 

tract. Previo .i methods to assess dustiness have not always adequately addressed the 

interdependence of these two factors. 

Although several methods to evaluate dust generation have been developed 1,2, no comprehen­

sive or fundamental investigation of the separation forces, the binding forces, or their 

interaction has been reported. Consequently, little quantitative knowle.d&e exists concerning 

fundamental factors that affect dust generatiorl. 

The BIitish Occupational Hygiene Society 3 established a workir.g group in 1981 to de­

velop a proc~ure to measure "dus.tinc!ss,", to establish a dl.lstiness index scale, and to correlate 

the measured dustiness wah actual worker exposure. Although this group has evaluated eigh­

teen measurement devices, to date neither :a correlation study nor a dustiness index scale has 

been established. However, the working group did categorize these devices by the manner the 

separation forces were created - through gravitational, mechanical or gas dispersion 

techniques. In addition, they found drop height and sample mass are important variables that 

influence dust generation. 

Higman et al. 4 I"':illked the dustiness of nine materials using three types of dustiness 

devices that simulate different handling operations. They found that the dustiness rankings 
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produced by each device agreed well ~;ith each other, thus confirming that the dustiness 

rankings were dependent on the materials themselves rather than on the devices used to assess 

dustiness. This group also investigated the influence of some binding forces on dus~ 

generation. Contradicting their earlier work 5, they found that increasing the proportion of 

coarse particles in some bulk materials may actually increase dustiness. This unintuitive result 

was confirmed by LJ I'ton et al. 6 and was attributed to the "decrease in the cohesion of the 

material as the proportion of coarse particles increa5P'i" and by the agitation of the fine par­

ticles caused by the increased number of comsions with large particles. 

Investigators at the Warren Springs Laboratory in the UK 5 examined the effect of 

moisture content on dust generation. Using a fluidized bed device they found that the binding 

forces strongly depended on the size distribution and moisture content of the test material. A 

decrease in dustiness occurred if the panicle mass or size was increased or if moisture was 

added. 

Cowherd and co-workers2,7 at the Midwest Research Institute (MRI) developed a bench­

top dust chamber to measure the dustiness of a fixed volume of granulated materials dropped 

from a fixed heigh~. After testing fourteen materials they developed a four-p,arameter model 

for dustiness potential that accounted for 71 % of the variation observed in their material 

dustinells tests. The model correlates the fractional mass loss, L (mg of dust per kilogram of 

material dropped), as 

(2) 

where 

W is the moisture content (%), 

Sg is the geometric standard deviation of the size distribution for the 

dropped material, 
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D is material bulk density (glee), and 

Mg is the mass median diameter (urn) of the size distribution for the 

dropped material. 

Heitbrink et al. at NIOSH conducted the only field studies in the literature that mempt to 

correlate dustiness indices from the MRI and the Heubach rotating d:um tester8 with personal 

dust exposures of workers (9-11). In some field evaluations they found no correlation; in oth­

ers, they found significant correlation between personal exposure and drop height, geometric 

mean particle size, and fines content. However in most of the studies they found that plant 

conditions, process variables, and the work habits and body stature of the workers were more 

important variables than dustiness. From these data Heitbrink and O'Brien 12 developed a re­

gression model relating the worker dust exposure (mg/m3), C, to the MRI dustiness test index, 

L, 

C = 0.82 exp(0.0086 LJ. (3) 

The R2 for this model was 0.5 and the confidence level is less than 0.0001. Using this model 

the authors proposed an exposure prediction logic relating the MRI index to the maximum 

predicted exposure of the worker. 

Other studies evaluating dust problems in industry have been undenaken with a specific 

goal in mind or have examined the problems of only one material or operation. For example. 

the dispersion of alumina dust generated during haJ'ldling operations results in a loss of 10,000 

MT/year of alumina per reduction plant and has forced this industry to . xamine dustiness. 

Using a Pern pulvimeter, whereby a known volume of alumina is dropped from a funnel OntO 

an inverted cone, Hseih 13 showed the importance of moisture rontent and amounts of added 

calcined dust from an electrostatic precipitator in controlliJ'lg dis~rsion. Authier-Martin 14 

found that dust particle shape may be the critical parameter. Scanning electron microscope 
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pictures (SEMs) of the air-borne particles showed that "clean" alumina (as ranked by the Perra 

pulvimeter) generated dusts of coarse particles with a cohesive mosaic type structure, whereas 

the dustier alumina consisted of smaller, ~ingle crystals. 

Outdoor studies of air pollution in which processed steel slag and crushed limestone weT"e 

dropped from the b'Jcket of a front-end loader offer some quantitative methods by w~.:.ch dust 

generation rates can be estimated. These studies 15,16 correlated the generation rate for 

particles of aerodynamic diameter "i", Gj as 

(4) 

Here, 

kj is an empirical parameter that depends on particle size, 

S is the "silt content" of the dropped material (%), 

V is the crosswind velocity (lan/hr), 

H is the drop height (m), 

M is the mass of the dropped material (kg), and 

W is the water content (%). 

These studies havt' examined several factors that affect dust generation. They suggest that 

binding forces are influenced by moisture content, size distribution and shape of the material, 

and in one case by the addition of electrostatic precipitator dusts. The separation forces are 

influenced by crosswinds, drop height, and, in one case, sample mass. Additional factors 

influencing the du~t exposure are process va.';ables such as work habits and worker body 

structure. 

No fundamental study of all these variables has been conducted using one test method or 

apparatus. Furthermore, the effect of material flow and the amount of air entrained with a 
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faliing stream of material has not been investigated. Thus, the aims of this study were to build 

a device and to develop a procedure to investigate the effects of material type, moisture 

content, drop height, material flow, and entrained air. 

~'PERIMENTS 

Apparatus 

Figure 1 shows the apparatus built to evaluate factors that affect dust generation in terms of 

particle size. This apparatus ha.s two sections: the dust generation section on the left and the 

dust measurement section on the right. Separation of the generation and measurement sections 

allows independent examination of dust generation and dust transport mechanisms. 

To conduct a test, a granular material falls from a known height at a measured rate and 

passes through a hole centered on the lid of the rece'iving hopper. Within this hopper the 

falling 'naterial hits a natural pile of the same material built under the same conditions as the 

experiment. Air is entrained with material as it enters the hopper. From the receiving hopper 

the dusty air is drawn through a wide 310t into the measurement area by fan "B". When all the 

material has fallen into the hopper, fan "BR is turned off. In the dust measurement area fan 

"A" circulates air through an elutriation column and an air return channel. The elutriation 

column prevents particles larger than 25 urn in aerodynamic diameter from reaching the 

column top Particles smaller than 25 urn in aerodynamic diameter are carried up the 

elutriation column to a slotted Sie;ra (Andersen) model 236 impactor 17 that separates particles 

into the size categorie::; shown in Table 1. 

Before every experiment the aluminum substrates on each collecting stage of the impactor 

were coated with a silicone spray to prevent particle bounce. Then the substrates were allowed 

to dry for at least 24 hours bdore being wdghed. After each experiment, the impactor 

substrates were removed and reweighed. Blanks of the coated substrates and the backup filter 
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were used with each experiment. 

Two differellt variables can be used to present the results. The size specific dust 

generation rate, Gi' which is defined as the fraction of dust particles generated with 

aerodynamic diameter "i". 

where: 

(MDJi mass of dust generated with size "i" 

(MMJ; mass of test material with size "i" 

M M total mass of test material, and 

Fracj mass fraction of test material with size "i". 

(5) 

For example, a G4 of 0.01 indicates that 1 % of the 4 ~m particles in the test material is 

generated and collected as a dust particle. 

The total dust generation rate G is the ratio of the tOlal mass of dust collected with the 

impactor to the rotal mass of material tested. G describes the dustiness of a material without 

consideration of the size distribution of the original material or the size distribution of the dust 

generated. 

(6) 

where: 

M!) total mass of dust generated. 

For example, a G of 0.01 indicates that 1 % of the total mass of material becomes dust. 

The amount of air entrained with the falling material V (m3/h) was measured by adjusting 

the flow through fan liB". Air flow was measured with a thermal anemometer placed upstream 
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of fan "SR. The anemometer reading was related to volumf!tric flow through the pipe by 

calibration using a spirometer. The "correct" airflow was drawn through fan RS" when there 

was no pressure difference between the receiving hopper and environment as detected by a 

smoke tube placed just outside the vent of the receiving hopper. 

Procedure 

Four inexpensive, readily available dusty materials were selected. Sand and limestone 

were chosen as examples of inorganic, crystalline substances that are nonporous and 

nonreactive wilh water. Cement and flour were selected as examples of inorganic and organic 

substances that are internally porous and reactive with water. The size distributions of these 

materials were measured before conducting the experiments using sieves 18 in mesh sizes from 

2 mm to 38 urn for coarse particles and an Andreasen sedimentation pipette 19 for particles 

finer than 38 um. Experiments were conducted with these four materials to determine the 

effects of the moisture content of the parent material, drop height. and mass flow rate on the 

a.mount and size distribution of dust generated. 

Moisture content, W 

The moisture content of the materials. was determined by the loss of weight per unit mass 

of ea\.:h substance after drying. Sand, cement, and limestone were dried for several days at 

!! O°C; flour was dried at 6Q°C. Moisture content was raised for sand and limestone by 

adding a measured amount of water to a known mass of material. To reduce agglomeration of 

the cement and tlour, moisture was added by exposing the material to stearn in an autoclave. 

Drop Height, H 

Each substance was dropped from the material hopper through a funnel with an 

interchangeable tube into the receiving hopper. The measured drop height was the distance 

from the lower end of the tube to the top of the pile in the receiving hopper. This drop height 
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could be adjusted from 0 to 200 cm to repr~sent part of the drop height range found in indus­

try. 

Material Flow, F 

Total mass flow was determined by measuring the time necessary to drop a known mass of 

material. Flow varied from 0.1 to 10 kg/s by changing the diameter of the tube through which 

the material flowed. The total mass dropped varied between two and ten kilograms per test. 

Measurements 

The experiments had a central composite design 20 as shown i.n Table 2. For each test 

material, five replicate drops were conducteJ with the base values of all three variables. To 

determine the influence of each of the three variables in generating dust, each variable was set 

at its high or low value listed in Table 2 in tum, while the two other variables were set at their 

base values. Each of these six tests was run twice for a total of 5+ 12 = 17 tests for each 

material. If results from the two replicates did not agree within a range of 10 %, the 

experiment was repeated up to five times. All results were used for data analysis. 

Table 2 shows that the variable ranges were different for each material. Mass flow was 

regulated by the diameter of the tube below the hopper. Three tubes, 24, 37, and 49 mm in 

diameter, were used. The resulting flows were dependent on the material and bulk density as 

well as on the flowability of the examined material. Drop height changes were held constant 

for limestone, cement, and flour. Sand was the least dusty materi"l and only generated enough 

dust for measurement at the elevated height. The moisture content of the material as received 

was its base value. The high values were limited by the minimum amount of dust on each 

impactor stage that could be weighed accurately. Low values were determined by the degree 

to which the materials could be dried and then handled without reabsorbing moisture from the 

environment. When cement was moistened, agglomerates were created that changed the size 

-9-



-

distribution of the original material. Therefore, experiments with humidified cement were not 

conducted. 

RESULTS 

Dust generation data for all experiments with one standard deviation confidence limit are 

shown in Figures 2-4. Figure 2 shows the total dust ge:1eration rate, G, vs. drop height. H, 

for the four test materials. Although the dust generation rate increased for all materials with 

increasing drop height, the rate of increase differed somewhat with material. 

In Figure 3 the total dust generation rate, G, is plotted vs. material flow, F, for the four 

test matel~a1s. Generation rate decreased with increasing material flow for sand, cement and 

flour, but increased for limestone. 

In Figure 4 the total dust generation rate, G, is plotted vs. moisture content, W, for the 

four test materials. A strollg dependence of generation rate on moisture content can be seen 

for sand and limestone~ little change is evident for cement and flour. 

Figure S shows the effects of increasing drop height on the flow of entrained air 

normalized to the material mass flow for three materials. The data for flour were omitted 

because they were below the limits of detection for the thermal anemometer. 

The effect of increased material mass flow on the flow of entrained air normalized to the 

material mass flow is shown in Figure 6. Although the entrained air increased with Increasing 

material flow, the volume of entrained air normalized to the material mass flow showed an 

overall decrease. 

To determine the interactions between the dust generation rate as a function of particle 

size, Gi, and the three independent variables, drc,p height, mass flow, and moisture content, an 

analysis of variance for all experimental data was conducted to calculate the coefficients for th~ 
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following model: 

(7) 

where 

H is the drop height (m), 

F is the material flow (kg/s), 

W is the moisture content (%), 

Fracj is the fraction of particles of size i in the parent mat~'rjal 

Dj is the average diameter of the particles collected on the impactor stages 

A.B,C,E,G are the calculated coefficients. 

(Dj/n(DiI25))G was chosen as a function with a maximum and zero values at D j = 0 and Vj = 

25 urn. Particies with aerodynamic diameters greater than D; = 25 urn cannot be transported 

up the elutriation column to the impactor. 
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The resultant equations are 

Oi,SA.ND = 0. 57(H/' 06 (FrO. 69(WrO. 76(FRAC,ro. 66(Djln IDil25))0' 87 , 

R2 = 0.S3 (8) 

Oi,LIME = 0. 56(H/·5J (F) +0.37 (W;-J. 6O(FRACJ-O. 7~"(Diln(Dil25))1.()() , 

R2 = 0.92 (9) 

Oi,CEMENT = 3.42 (H) 1. 02 (FrO. 07 rw;-O.32(FRACJ-o. 83(Djln(DiJ25))1.32 , 

R2 = 0.93 (10) 

Oi,FLOUR = 134 (H)1.13(FrO.36rwr2.66(FRACJ-0.49(Diln(DiJ25))J·47 , 

R2 = 0.72 (11) 

Figure 7 presents a plot of the measured dust genention rate vs. the predicted dust 

generation rate calculated with Eqs.(S-ll). 

At low material nows the falling particles were first stopped abruptly on the top of the 

receiving pile and then slid down the side of the pile. This phenomenon occurred for all 

materials. At higher flows different behavior was observed for each material. For sand, most 

of the falling stream penetrated the pile and displaced the material radially. For limestone, the 

pile was compressed by the falling stream and formed a crater 7 to 15 cm in diameter in the 

impact area. The crater diameter increased with material floVl and drop height. Falling 

l~mestone hit the middle of the crater and bounced back in all directions. Cement behaved 

between the extremes of sand and limestone. The penetration of the falling stream into the 

receiving pile was not as deep as for sand because cement was compressed only slightly by the 

falling stream. No bouncing occurred and most of the falling material slid down the surface of 

the pile. Whereas sand, limestone, and cement built piles with flat tops, flour built a pile with 

a peak, which allowed the oncoming material to slide down the side of lhe pile without 

penetrating it. 

-12-

'.-==""",,'...-_rc_' .......... _ .......... tt ........ e_$ .... w __ ~'f_m~ •• 'ww 



DISCUSSION 

The re~ults of these experiments are consistent with the analysis of Hemeon :! 1, who 

suggested that dust is generated and dispersed by two mechanisms. First, the impact of the 

material as it hit the pile created separation forces that caused the material to generate dust. 

Second, the air entrained with the falling material must change its flow direction in the 

impaction area, because it cannot enter the solid pile. Therefore, a radial draft is generated 

which transports dust particles away from the impactlon area. 

Dust generation rate or different materials 

A comparison of the dust generation rates for the different materials in Figures 2-4, and 

comparison of the leading coefficients in Eqs.(8-11) show that generation rate substantially 

differs among the four test materials. Since the dust generation rates for these materials were 

not examined under the exact same conditions for mass flow, drop height, moisture content, 

and size distribution, no conclusive, general statement of the dust generation behavior of 

different materials can be given. Nevertheless, the results strongly suggest that variations 

from material to material do affect dust generation substantially. This can be seen most clearly 

in the significantly different values of the tirst coefficients in Eqs.(8-11). Causes for this 

behavior may include variations in particle shape or surface properties from one material to the 

next. 

Drop height 

For all materials dust generation increased with increasing drop height as shown in Figure 

2. Increa'iing drop height caused a proportional increase in the potential en~rgy of the material 

before the fall and an increase of the kinetic energy of the material as it hit the receiving pile. 

The separation forces on the palticles caused by the impact of the material on the pile should 

increase so that an increase in dust generation with height was expected. In addition, Figure 5 
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shows that increasing drop height caused an increase in flow of entrained air, which also 

increases the amount of dust generated. The slopes for sand, cement, and flour are nearly 

identical both in Figure 2 and Figure 5 which indicates a similar response to increases in 

energy input. 

At higher drop heigl.'", limestone produced more dust than expected from trends for other 

materials. Particle bouncing in the crater at a drop height of 100 cm ge'-erated high impact 

and separation forces, so that additional dust was generated. 

Material Flow 

The flow of entrained air per mass flow of dropped material decreased with increasing flow 

because the material in the center of the falling stream is less exposed to the surrounding air 

than the outside material. With higher flows, more material is present in the center of the 

falling stream. 

For every material except limestone, dust generation rate decreased with increasing flow. 

For sar,d and cement the decrease in dust generation may be relat~ to the relative decrease of 

entrained air. Tn addition, for these materials at higher flows the falling stream of material 

penetrated the receiving pile. The impact forces of the particles in this case are small, because 

the falling particle velocity decreased slowly in the middle of the pile. Because smaller impact 

forces generate smaller separating forces, less dust may be generated with higher flows for 

materials that penetrate the pile, such as sand and cement. 

For flour the impact forces may not change, because the character of the receiving pile did 

not change with flow. A decrease in the dust generation rate for flour shown in Figure 3 is 

consistent with the decrease in entrained air shown for sand, limestone and cement in Figure 6. 

The increase in dust generation rate for limestone with increasing lTiass flow is caused by 

an increase of the separation forces. Increasing the material flow above the base value created 
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the crater from which particles bounced as noted above. The impact forces caused by bounce 

were higher than the impact forces for particles of other materials which slowed gradually as 

th~y entered the pile. High impact forces caused high separation forces. Although higher 

flows for limestone caused a decrease in entrained air as was fOund for all materials, the 

resultant decrease in generation rate due to decreased entrained air was overcome in this case 

by the increase in separation forces due to particle bounce at higher flows. 

Moisture Cootent 

Increasing the moisture content of the parent material decreases dust generation as shown 

in Figure 4. The gradient of this decrease differs substantially from material to material. For 

the crystalline, non-reactive materials, limestone and sand, a small amount of water increased 

the surface liquid film on the particles, increasing the capillary interpartic\(; binding forces. 

The influence of moisture content on dust generation for cement and flour is smaller than 

for the crystalline, non-reactive materials because for cement and flour the added water did not 

directly influence the ~urface liquid film and the interparticle capillary forces. In;itead, water 

was absorbed and reacted with the material. 

The plot of predicted and actual data shows that the dust generation rate varies by more 

than five orders of magnitude. The reproducibility of the experimental procedure is 

satisfactory, since most. data are within the ± 100 percent range. In addition, the chosen 

model (Eq.1) has the ability to describe the effects of the investigated variables on the dust 

generation rate, because the data points are distributed randomly above and below the perfect 

agreement line. 

CONCLUSIONS 

A.. device and procedure were developed to investiga t..! factors that affect dust generation. 

The: overall dust. ""eration rate G, and the rate dependent on particle size Gi were the primary 
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variables investigated. Other variables were identified as affecting either the binding forces 

that hold the materials together or the separating forces that separate an~ ~i~perse tht: 

materials. Their influence on dust generation was examined experimentally. Dust gener'"d.tion 

increased With the increase in se~?Jation fNces caused by a higher energy input such as an 

increase in drop height. Dust generation decreased when the interparticle binding forces were 

increased by the addition of water to the parent material. 

Statisti.cal models for G; were developed. The R2 values of the four equations were in the 

range of 0.72 to 0.93. These C:ata and the plot of predicted and actual data strongly suggest 

that imponant variables influencing Gustiness have neen foand. The first coefficients of 

Eqs. (8-11) show that dust generation rate substantially differs among the four tested materials. 

Additional work is necessary to develop a better understanding of the influence of binding 

and separation forces on dust generation. Special attention needs to focus on the influence of 

particle size and surface properties on Gj. A direct measurement of the falling velocity is 

planned to investigate more closely the effect of impact forces on dust generation. 
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TABLE I 

Cut size specifications for Sierra Model 236 high-volume cascade impactor operated at a 

now or 20 cfm. 

Stage 

Aerodynamic 

Size Range, urn 

1 2 3 

> 25- 10.2- 4.2-

10.2 4.2 2.1 

-20-

4 

2.1-

l.4 

s 

1.4-

0.73 

6 Falter 

0.73- 0.41-

0.41 0.00 



Table II 

Experimental Values of the Independent Variables 

Material 

Variable 

Material flow, F (kgl s) 

Drop height, H (em) 

Moisture content, W (%) 

Sand Limestone Cement Flour 

Base/Low/Hi Base/Low/Hi Base/Low/Hi Base/Low/Hi 

0.5/0.111.3 0.2/.06/0.6 

100/50/150 50 125/100 

0.4/0.1/0.8 0.4/0.110.8 

-21-
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CAPTIONS FOR FIGURES 

FIGURE I--Schematic diagram of test apparatus. 

FIGURE 2--Total dust generation rate with one standard deviation confidence limit vs. drop 

height. 

FIGURE 3--Total dust generation rate VS. material mass flow, each with one standard 

deviation confidence limit. 

FIGURE 4--Total dust generation rate vs. moisture content, each with one standard deviation 

confidence limit. 

FIGURE 5--Eiltrair.ed air normalized to material mass flow vs. drop height. 

FIGURE 6--Entrained air normalized to material mass flow vs. material mass flow. 

FIGURE 7--Measured size specific dust generation rate vs. predicted size specific generation 

rate from Eqs. 8-1l. 
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Experimental Examination or Factors that Arrect Dust Generation 

usinC tbe Heubacb and MRI Testers 

MARC A.E. PUNKE, RALF MAUS, DAYlD LEITH 

Depamnent of Environmental Scie,lCes and Engineering, University of Nonh Carolina ar 

Chapel Hill, Chapel Hill, NC 27599 

Abstract 

Four factors that affect dust generation were investigated: test material, size distribution of 

the test material, moisture con.ent of the test material, and apparatus used for the tests. Dust 

generated from silicon carbide and aluminum oJtide was measured using MRI and Heubach 

dustiness testers modified to allow the measurement of dust size distribution using an Andersen 

impactor. The twc materials investigated generated similar dusts. The size distribution of the 

test material slightly influenced the amount but strongly influenced the size distribution of the 

dust generated. Incre~ moisture content decreased the amount of dust generated but had 

little influence on dust size distribution. The two testers generated different amounts of dust, 

but the dust size distributions were similar. These results help explain factors that affect dust 

generation, and the relative importance of alternative methods for dust control. 
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BACKGROUND 

Powders and granulated solids are ~sed throughout industry. Handling these materials at 

transfer points, bagging, or dumping stations generates dust that may affect worker health or 

create a safety problem. To evaluate these hazards, the dust concentration in the breathing 

zone of the worker must be determined. Dust concentration depends on generation rate and 

dispersion. Thi::. research investigates factors that affect dust generation rate as a function of 

particle size. 

Research in this field has been conducted with different goals in mind. The British 

Occupational Hygiene Society 1 established a working group in 1981 to establish a dustiness 

index scale for various materials. No standard procedure was found. Higman et aI. 2 and 

Schofield3 ranked the dustiness of nine materials using three dustiness devices. They found 

that moisture content and size distribution of the test material had a strong influence on dust 

generation. Cowherd and co-workers4,s at the Midwest Research Institute (MRI) developed a 

bench-top dust chamber to investigate the dust generation behavior of founeen materials. 

They developed a model with four parameters to predict dust generation: mo)isture content, 

bulk density, mass median diameter, and geometric standard deviation of the size distribution 

for the test material. Other studies examined iJ1e problems of only one material or operation in 

industry. Hseih6 showed the importance of moisture and size distribution changes to minimize 

losses of material in the alumina industry. Authier-Manin 7 investigated the influence of 

particle shape on dust generation. Despite this research, it is not possible to predict the size 

distribution or generation rate for dust produced in industry. 

Heitbrink et al. 8-10 conducted a field study that attempted to correlate indices from the 

MRI and Heubach dustiness testers with dust exposures measured at two bag dumping and two 

bag filling operations. One dumping and one filling operation showed a relationship between 

dustiness test results and actual dust exposures, but two other operations showed no 

correlation. Because plant conditions, process variables, work habits, and body stature of the 
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worker affect breathing zone con~entration but could not be investigated by a bench-top device 

to measure dustiness, Heitbrink et aI. concluded that the relevance of dustiness tests to 

occupational dust exposures needs to be evaluated at each site. 

Our work attempls to develop a more fundamental understanding of factors that affect du:;t 

generation. The overall objective of this research is similar to that of Heitbrink and others1-

5,8. 10, to estimate the generation of respirable dust panicles in industry. Figure 1 shows the 

approach taken here. Dust is generated when energy introduceci to a granular material creates 

separation forces that drive particles of the material apart. An example of separation forces is 

the impact or inertia force developed when granules hit a surface. To generate dust, these 

separation forces must overcome interparticle binding forces; v.d. Waals, capillary, 

electrostatic forces and others. With knowledge of transpon mechanisms from the dust 

generation site to the breathing zone of the worker, dust concentrations can be estimated. 

Our working hypothesis assens that the amount of dust generated is proportional lO the 

fraction of particles with size -i· in the test material and depends on the ratio of the forces that 

separate particles to the forces that bind the particles, 

Dusl Generation Rate 
for Panicles oj Size ·i· 

Fraction oj Particles 
= wilh Size ·i· f (Separarion Forces/Binding Forces) . 

in Test Material 

This hypothesis rests on the assumption that the separation :orces are insufficient to fracture 

panicles; that is, all particles in the generated dust were present in the original material. 

(1) 

This work examines factors that affect dust generation: separation forces, binding forces, 

and the size distribution of the test material. The MRI and the Heubach dustiness testers treat 

material differently and so create different separation forces. Materials with different 

properties and moisture contents were tested to investigate the influence of binding forces on 
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dust generation. Samples of each material were prepared with different size distributions to 

determine the effect of material size on dust generation. 

EXPERIMENTS 

Apparatus 

MRI Tester4,8-10 

The MRI tester is shown in Figure 2. 270 em3 of material drops 25 cm onto a foam pad 

covered with aluminum foil. The generated dust is transported by 10 Lpm of air that enters 

the tester through two side baffles and leaves at the top. The dusty air was diluted with 

18.3 Lpm of filtered room air before passing through a five stage Andersen ambient impactor 

with cut sizes from 1.1 to 7 ~m. 

Heubach Tester8-10 

Figure 3 shows the Heubach apparatus. The ":ust generating pot is loaded with 20 grams 

of material, then rotates for two minutes at 30 RPM. Material within the pot periodically 

drops 6 cm from three inside-mounted paddles. The dust generated in two minutes is 

transported by a cross-air stream of 1.0 Lpm from the pot into the coarse dust separator. After 

dilution, the air stream passes through the same Andersen impactor used with the MRI tester. 

Procedure 

Test material 

Silicon carbide and aluminum oxide (Micro Abrasives Cooperation, Westfield, MA) were 

chosen as two materials with different chemical btlt similar physical propenies. An SEM 

examination showed that these materials consist of particies with no internal porosity. Neither 

reacts wi'.h water. To prevent agglomeration of the test material after moistening, the 

materials were sieved before each experiment. 
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Moisture con~nt, \V 

The moisture content of the materials was detennined by loss vf weight per unit mass after 

drying. The moisture content of the material as received wa.., its base value. Moisture content 

was raised by adding a measured amount of water to a known mass of material. Ulw moisture 

values were obtained by drying the material in a convection oven for five days at 140 °C. 

The actual moisture content of the material was determined by averaging moisture 

measurements before and after the dustiness test to account for moisture reabsorbed from the 

environment. The moisture content of the test material in the Heubach tester was controlled 

by adjusting the moisture content of the air stream that transported dust through the dust pot. 

For experiments with dry material, the air stream was dried by passing it through a bed of 

Drierite. For experiments with moist material, the air stream was moistened by passing it 

through .1 bubbler. 

Size distribution 

"Fine", "middle-sized", and "coarse" samples of each material as defined by their mean 

diameter were obtailled from the manufacturer. Their volumetric mean diameters as 

df"termined by Coulter Counter11 analysis is in Table I. The three "pure" materials were 

mixed in different ratios to form ten additional blends as shown in Table II. For example, 

blend #13 was a mixture of 1 part fine material and 9 parts coarse material. 

Measurements 

The cize specific dust generation rate, Gil is defined as the fraction of dust particles 

generated with diameter "i·. 

G; = (MDJiI(MMJ; = (MDJi/(M~Frac;) , 

where: 
(MDJi 
(MM)j 
MM 

mass of dust generated with size "i" 
mass of test material with size ·i· 
total mass of test material, and 
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Frac; rr.ass fraction of test material with size ~i~. 

For example, a G., of 0.01 indicates that 1 % of the 4 J.'m particles in the test material is 

generated and collected as a dust panicle. 

The total dust generation rate G is the ratio of the IOlal mass of dust collected with the 

iml-"3.ctor to the roral mass of material tested. G describes the dustiness of a material without 

consideration of either the size distribution of the original material or the size distribution of 

the dust generated. 

where: 
MD total mass of dust generated. 

For example, a G of 0.01 indicates that 1 % of the total mass of material becomes dust. 

The cumulative size distribution of the generated dust ll is represented by Q}(d). 

r d ] 
QJ(d) = I ~ 01nJ; IMD 

DUD 

where: 
d 
dmiJl 

particle diameter 
minimum particle diameter of test material 

(3) 

(4) 

This variahle indicates whether the dust of one experiment is coarser or finer than the dust of 

another experiment, regardless of the size distribution of the materials tested. For example, 

QJ(4 1Jl1I) = 0.7 indicates that 70% of the dust is smaller than 4 /-lm in diameter. 

Experimental Conditions 

The number of experiments conducted was: 

2 Apparatuses • 2 Materials • (13 Size Blends) • 3 Moistures = 156 Experiments. 

Experiments were conduct~ in random order. The impactor stages were coated with silicone 
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oil to prevent particle bounce. A blank collection plate was weighed in all experiments. 

Calibration measurements were condu,:ted once every fifteen experiments. During these 

calibration measurements, no material was dropped, and any wdght changes on the impactor 

plates were recorded after the usual running time. 

RFSULTS 

Statistical Analym 

An analysis of variance was conducted to determine the dependence of the dust generatiOl~ 

r",tes Gj and G, and the dust size distribullon iJj(d), on the dustiness tester, S, test material, T. 

moisture content, M, and the mass median diameter of the test material, d5{)O "The models for 

Gj and Qj(d) also included the cut size for each impactor stage di, and the fraction of panicles 

with size "i" in the test matelial, Fracj. 

(5) 

where 
COn.SI is a constant, 
S= 1 for MRI and S=-2 for Heubach, 
T= 1 for aluminum oxide and T=2 for silicon carbide. and 
a.b.c.eJ,g are the calculated coefficients. 

Coefficients determined for Eq. (5) are in Table m. No interaction terms were significant. 

Graphical Examples of Important Dependencies 

Figure 4 is a plot of the total dust generation rate, G, vs. material moisture content, M, for 

aluminum oxide as determined using the MRf tester. Lines are shown for four sizes of 

material: fine only, middle-size only, coarse only, and a 1: 1: 1 blend of fine, middle-size. and 

coarse materials. As el(pected, increasing moisture content reduces dust generation for all 

material siu:s. From Table m, G is proportional to ~.3. For the same moisture content, 

finer material produces more dust. Table m shows that G is proportional to d50 -0.4. The 

-36-



-
blend of fine, middle, and coarse materials generates almost as much dust as the fine material 

alone. The lines for all materials have negative slopes and are almost parallel, which indicates 

that all size blends of the same material react simiiarly to added moisture. The largest point on 

each curve indicates the equilibrium moisture content of that specific blend in the lab 

environment. The smaller the particles are, the higher the equilibrium moisture content is. 

Figure 5 shows the cumulative size distribution of the dust generated from fine aluminum 

oxide material for data taken with the Heubach tester. Lines are plotted for four moisture 

contents that range from 0.03 % to 0.15 %. The four size distributions are virtually identical, 

indicating that material moisture content had little effect on the size distribution of the dust 

generated. This trend is also shown in Table Ill, where M has no significant effect on QJ(d). 

Figure 6 is a plot of the size specific dust generation rate G; against dust panicle diameter 

for fine aluminum oxide data taken using the Heubach tester. Data are shown for moisture 

contents that range from 0.03 % through 0.1 S %. This figure shows that increasing moisture 

content decreases the amount nf dust generated for all particle ~,zes. All lines have a positive 

slope; thus, the size specific dust generation rate increases with particle diameter. Table ill 

confinns this trend as Gj was found to increase with d?·2. 

Figure 7 shows a series of cumulative size distributions. The lines marked" A" and "B" 

are for the fine and middle-sized maltrial. The other five lines in Figure 7 are for dust 

generdted from testing blends of these two materials. The size distributions for the generated 

dust show that if more fine material is present, the size distribution of the generated dust 

becomes finer as well. 

However, the size distribution of the dust generated does not match directly the size 

disttibution of tlle original material. For example, dust generated from the fine material is not 

as fine as the parent material itself. Similarly, dust generated from the middle-sized material 

is generally not as fine as the parent material itself. Blends of up to 50% middle-sized 
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material with fine material produce dust particles that have size distributions similar to 

particles of dust from fine material alone. 

DISCUSSION 

Influence of the test method on dust generation 

The Heubach tester generates ab:"lut 22.S - 6 times more dust than the MRI tester as seen 

in Table III column "S"; the S value for the Heubach Tester was 2; the coefficient for 

Eq. (5) was 2.5. In the Heubach tester, material drops 180 times from about 6 cm during the 

2 minute duration of an experiment, whereas in the MRI tester the material drops only once 

from 25 cm. In short, the total energy input per mass of material in the Heubach tester is 

approximately 42 times higher than the energy input per mass of material in the MRl tester. 

Earlier research 13-1S has shown that the amount of dust generated increases proportionally with 

potential energy. Thus, the Heubach tester did not generate as much dust as expected. Thi~ 

behavior cannot yet be explained. 

For the same testing conditions, the Heubach and the MRI testers produced dust with 

essentially the same size distributions. Table m shows that the particle size distribution of the 

generated dust was not affected by the dust generation method as Q3 is independent of 

variable S. 

Influence of the test material 

Both aluminum oxide and silicon carbide generated the same amount of dust with the same 

size distribution when treated in the same way; that is, no difference in dust generation from 

material to material was found. Table III shows that neither Gj nor QJ was dependent on test 

material T. This finding suggests that the influence of chemical properties that depend on the 

makeup of the material were less significant for dust generation in these tests than the 

influence of physical properties such as moisture content or material size distribution. 
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Influenc.~ of material moisture content 

In Figure S, the cumulative size distributions for the same material with different moisture 

contents overlap. Thus, moisture content did not affect the size distribution of the dust 

generated. This trend can also be seen in Figure 6, where increasing the moisture content of 

the test material decreased dust generation rate uniformly for both small and large particles. 

For the two crystalline, nonreactive, and nonporous materials used here, added moisture 

shoulJ build a liGuid layer on panicle surfaces. Increasing this layer should increase the 

capillary forces that bind panicles together. The moisture content of the test material if". 

equilibrium with lab air increased with decreasing particle size. This suggests the presence of 

sorption layers of water on the surface of particulate matter priur to artificial moistening. The 

extent of these layers depends on the specific surface of the material, which increases as 

panicle size decreases. 

Influence of the size distribution of the test material 

The size specific dust generation rate G; increased with increasing panicle diameter (see 

Figure 6, where relatively more 6 ~m particles were generated than smaller, 1 ~m particles. 

Table m also shows that G; increases with increasing partide size, dj • A reason for this 

behavior is that a separation force such as impaction increases with d? whereas binding forces 

due to v.d. Waals attraction and capillary forces are proportional(l4-1 I) to di. Thus, as panide 

size increases, separation forces increase more capidJ~: than binding forces. 

Figure 4 shows that materials blended to contain only a portion of small particles are 

nearly as dusty as materials comprised entirely of small particles. This trend is also shown in 

Table III, where G; increases as the fraction of particles with size -i- ~n the parent material. 

Frac;, decreases. As the proportion of small particles in a blend diminishes, the fraction of 

these small particles generated as dust increases. Consequently, a partial extraction of the 

small, respirable particles of a matf";iA.l does not decrease the amount of dust generated in a 
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proportional way. Instead, the amOlJnt of dust generated may only decrease slightly. This 

trend is shown in Figure 7. Increasing the moisture content is more effective to reduce 

dustiness than to extract small panicles. 

Overlaying the role of sepantion and binding forces in dust generation is particle transport 

away from the dust generation site. For particles < 10 ",m, gravity does not substantially 

affect shon-range transpon. However, gravity does prevent transpon of large particles from 

the dust generation site to the breathing lone of the worker or to the measuring site. 

CONCLUSIONS 

The dust generation rate of silicon carbide and aluminum oxide has been investigated by 

the Heubach and MRI dustiness testers. The influence of moisture content of the test material 

and material size distribution were studied by measuring the amount and size distribution of 

the dust g~nerated. 

The amount of dust generated by the two test devices differed by a factor of 6 but was not 

directly proportjonal to energy input. The size distribution of the dusts generated by the two 

test devices were similar. The use of only one dustiness tester for future research appears 

sufficient to investigate factors that affect dust generation and size distribution. 

For the aluminum oxide and silicon carbide tested here, material chemical properties were 

not as imponant as physical properties such as moisture content and size distribution. The two 

chemically different but physically similar materials generated similar dust. 

Increases in moisture content decreased the amount of dust generated for all particle sizes. 

Extracting small particles from a material did not decrease proportionally the amount of 

dust generated. Therefore, where possible, dust suppression is best accomplished by adding 

moisture to the test material. 
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Table I 

Volumetric mean diameter of silicon carbide and aluminum oxide 

Silicon carbide 
Aluminum oxide 

fine middle-sized 

7",m 
6",m 

coarse 

25 $o'm 
25",m 



Table II 

Mixing proponions for silicon carbide and aluminum oxide 

i3lend # 1 2 3 4 5 6 7 8 9 10 11 12 13 

fine 1 1 1 9 9 1 1 
middle 1 1 1 1 9 1 9 
coarse 1 1 1 1 1 9 9 
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Table III 

Coefficients for Eq. (5) 

const S T M d; d50 Frocj lC. 

G· 80 2.5 -0.3 2.2 -0.6 84 I 

G 588t~ 2.5 -0.3 n -0.4 n 86 
QJ(d) 1 2.8 +0.3 89 
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FIGURE CAPTIONS 

Figure I--Model of dust generation processes 

Figure 2--Schematic diagram of MRI tester. 

Figure 3--Schematic diagram of Heubach Dust Measurement Appliance. 

Figure 4--Total dust generation rate VS. moisture content. 

Figure 5--Cumulative size distribution of the dust generated vs. aerodynam .. c particle diameter. 

Figure 6--Specific dust generation rate vs. aerodynamic particle diameter. 

Figure 7--Cumulative size distribution of the test material and dust generated vs aerodynamic 

particle diameter. 
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