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DUST SA}4PLING CRITERIA

(A contribution to standardisation oftrtotal dustrr measurements )

To measure the gravimeErictrtotal dustrrconcentraÈion in the índoor in-
dusÈrial envirorrnent on behalf of occupational hygiene a simple criteríon is
needed which enables the choice of the correct sampling device for each type
of dust on the workíng place. Often ít is more ímpo'rt.ant to obtain comparable
results with dífferent instruments in different environments, than to have re-
PresenÈ.ative samples. this is because in industry the weight of the sample may

be determined. by the fraction of coarse dust, and strongly depends on the cut-
off particle diameter of the inlet of the sampling ínstrument.
To be able to compare samples of tttotal dust?f, tv¡o requirements should be sa-
tisfíed:

1. All samplers should have the bamerrcut-off particle radiustt, where Èhe

samplíng efficiency sharply decreases to zero.
2. The aspírating efficiency should be insensitive to wind velocities and

dífferent geometries of the inlet.

To obtaín comparable results several instiËutions in Europe have agreed

to measure the rrtotal dustrt concentrat,ion with a horizontal suction velocity
of about I.25 m/s in the entry of the sampler. Usually there ís an absolute
filter near the entrance of the sampler. Here I r¡rant Èo show how these agree-
ments can be refined, to obtain results of dust measurements, which are bett,er
comparable and less sensítíve Eo local disturbances in the industrial environ-
ment. For determínation of the ínhalable fraction (Ogden, Birkett, L977 ) the
partíále size distribution should be measured with Èhe same inleL.

CURRENT SA},ÍPLING CRITERIA

At piesent there are tT¡/o well known sampling critería.
A. Levin (tgSl ) finds from basíc equations of motÍon of the particles that due

Èo theír ínerÈia big particles are sampled with a reduced efficiency:

Er."=1-0.8k+O.O8k2

: const. dp5Q-0'5 (Levin number)where k =

(1)

(2)

' I : relaxaÈion time (s)

dp: particle diameter (*)
For an effíc.íency of Er| 96 % the Levin number becomes: k ( 0.05.

This ís a fundamental dynamic limitation whích works only if there is no in-
fluence of the finíte síze of the samplÍng orifice.
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B.Davies(rq0e)givesacriterionfo'@,whíchís1imí-
ted by the influence of gravíty on one hand and by the ínfluence of inertía
on the other:

1. due Èo gravity the effíciency is in error less than * 4%, íf the suc-
tion velocity, uor ís higher than 25 times the settling velocity, vr:

u )25vo s (3)

due to Ínertia the efficiency is
of the sampling tube, Ror is more

tance of the particle, d.t
R >5 dOS

where d_ ís the critical stopdistance as
S

d : lgllr3-s - \4ni

,,u,,1"i": ;;'"',::":';";'î;-ï1"","".n:.';:.:"
acceptable radií. Thís range ís given by:

5d_<R <0.41 wheres o o ---

reduced less than I.6%, if the radíus
than five times the critial stop dís_

(4)

it was defíned by Davies (fqOg):

(s)

expressed in terms of the tube

assumptions limit the range of

(6), (7)

(stk^, vs 
)

u
o

(10 )

2.

For particles ín the flow field of a point sink, 1o is the distance be-
tl^reen the sink and the point below the sink where the vertical velocíty of
the aír equals the sedimentatíon velocity of Èhe particle. Therefore the in-
fluence of gravity ís characterized by the distance 1o, or by the dimensíon-
less gravity-parameter r^ :5. " 

,o.lg 1o \e,/

In the same $ray the influence of inertia is characterized by the cri-
Èícal stop dísÈance drr or by the dimensíonless inertía parameter

Ro*i:Ç

The Graphical Presentatíon

Itrítten ín the conmonly used dímensionless magnitudes
v¡íth Stk^:-b' rhe crirerion (3)r (4) gives (figurel) :oD

ov

(e)

1, gravitv limit .-r < 0.04 for an efficiency g6%< E < 1047.'uo

ínertía limir Srko ( 0.016 for an efficiency 9g.4% < E (11)

These dimensicri.ess magnítudes are suíted very well Èo describe the
physical boundaries of a sarnplíng criterion but they are not suited for use
in ehe eoÍEnoR PracÈiee ofi:ndoor aerosol samplfng, because the twopara-

2.

meters depend both on the parÈícle size and the sucÈion velocity.
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Thís makes it impossible to characterise either the aerosol or the sam-
pling instrument with these magnitudes. For several sampling instruments
Agarwal plotted the cut-off particle diameter in the graph. It is seen that
all instruments are said to sample correct beyond the ínertial limit of
Davies.

Tn practice of measuring dust concentrations, it is asked: rrllhat is the
aspirating efficiency of a certain sampling devíce?rt. This means that we

are interested in graphs of aspírating characterístics (: aspirating effí-
ciency as a function of particle síze) of dífferent samplíng no zzles. This
vras recognized by Kaslow and Emrich (tgl4), who made a very usefull graph
of the samplíng efficiency as a function of tvp dimensionless magnitudes
which are independenÈ with respecE to the particle diameter and the dia-
meter of the sampling tube. (figure 2) From theirgr4hs the aspiraring
characterístic can be found easily for different samplíng tubes.

The dimensionless magnitudes are:

Tube size number : 4.34 Q-o'o*o (S.I. -units XtZ )' *tQ

. k¿QParticle size number

where k is the Levin number.

Note:

m.:
l-

Q-o'1 d. (s.r.-unirs) (13)
'normal conditions

- The tube size number is determined full-y by the sampling devíce.
Therefore *rQ í. a characterístic Ínstrument. number.

- The partícle size numbg¡ hardly depends on the volume flow.

rn figure 2 the tube síze number, mrQ and the particle size numb"r, kdQ,
are plotted along the axes. The dashed sloping lines gíve the direction
for constänt values of stko and vs or their equivalent magnítudes

u
r/3 0

: m -2'c

These are the directions of resp.

and the gravity limit (5 : 0.04
u

ful1filled on the shadedoarea.

(14 ), (rs ¡

the ínertial limit (Stko: 0.016 or m. : 5)

o. *g = 0.4) of Davies criterion, which is

Modified Criterion for Representative Samplíng

The criterion of DAVIES (tgîg) has meÈ consíderable crirism based on

experimenral resulrs [ecanwall (7g75), BIEN and coRN (1g7r), BRESLTN and

STEIN (tOtS¡, GTBSEN and oGDEN (Otl¡ I
BesÍdes these experimental results there ís strong theoretÍcal evf

dence which leads to a modified críterion. The Èheoretical considerations,
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which take into account the direct interaction of particles with the wal1
of the sampler, are reported to the ECSC. ( KUILE, tg77)
The modified criterion for representatÍve s ís graphed in figure 3 as:

06)

Because the ínertial limit is much lower ín this modificationrthe dynamic 1i-
mit must be taken in account too, so that ín figure 3 the two sampling criteria
of Levin and Davies are unified in one sampling críterion, bounded by three
lines of different physical nature. From figure 3 the suítability of a samp-
ler for a certain type of dust is easily determÍned, because each sampler is
characterízed by its mrq-value. The mr.-value determines the physical nature
of the limitation:

m ^ ( 0.4rq
0.4 < mr. ( 0.8
0.8 ( mr.

For each mr.-value the sampling characteristic

lin

ínertia Límit
dynamic limit
gravity 1ímit

ís gíven by the values of the
efficiency along a 1íne paral1el with kOO.

Figure 4 gíves sampling characteristics whích rnrere calculated by Agarwall
(tglS) for a vertical tube v¡íth the inlet upward. Thís kind of ínformation is
needed in cotrnon pracËice. The three sets of sampling characÈeristícs typícally
represent the three regions of ínertíal, dynamical and gravitational 1imÍtation.
In figure 4A f.ot *rQ a 0.40 the efficiency ís límited by mpacrion on rhe wall.
In fígure 48 for 0.30 4*rQ < 0.80, Èhe dynamic limitation is obscured byim-
paction on Èhe wall of the tube, vertical below the entry. The efficiency is
bounded by the dynamic limit only when Ehere is no obstructíon vertícal below
the entryrwithin a dístance 1o. In figure 4C the gravitational infl-uence is
clearly vísible and results in an efficiency of E: (1 +ff ) fOOZ. for big parrí-

cles.
CoMPARABLE SAITPLING

, To meet Èhe two mentioned requirements for comparable sampling of rrtotal
dustrt, first the direction of the inlet is observed, because the cut-off par-
tícle diameter strongly depends on this directíon. (fígure 5)

For O : 0o (upward entry) the efficiency does not fall off to zero beyond

the gravity limit. Therefore the upward entry is not suited for comparable

samplíng. For O : 90o (horizontal suctíon) the efficiency Ís reduced by sedi-
mentation on top of the sampler and Ís highly influenced by horizontal air
currents ín the neíghbourhood. Therefore Davies defines calm air in an environ-
ment where the local air currenEs, w- have +¡el-ocitjes less than 1/5 of the

he efficiency is
gravity 1imít:
dynamic l imrLt:

inertia 1ímit:

greater than

m <0.5
c

uoQ . o.u,

90 7" on a region whích ís limíted

suctíon velocíty ; w ( 0.2 uo (wínd velocity).
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Then for the sgrssd suction velociÈy of 1.25 m/s, the wínd velocity should beless than 25 cm/s' ltlhereas in industríal enveronment normal air currents have
velocities over 1 */", resultíng in a suction velocity of at least uo = 5 m/s.
The main shortcoming of horizontal suction for comparable sampling is, that
there is no rvelr defined gravity limit, because principarly beyond the gra-
vity limit m, :0.5, the efficiency remains about IOO% íf w: O. But low wind
velocitíes may double or halve this percentage. Therefore horizontal sampling
is incompatible with each of the tu¡o requirements for comparable samplíng.

For 0 : lgoo (dovrnward entry) the efficiency is sharply bounded on all three
boundaries (fig 6) The gravity limit is determined by the outer diameter of theinlet' There is no sedimentation on the warl and therefore íf m ^>0.3 . the
shape of rhe ínrer is less crirical and if 0.3 < *rQ{.9 rhen tí.q 

"rri"iency(go%)is also higher Ëhan for the upward entry, because no impaction on the tube
below the entry is possible' There are even more advantages of vertical downryardsampling, like : - no influence of wind direction.

- least sensitive Ëo horizonÈal wind velocíËies.
- least. dependgnt or¡ the shape of the entry.

This all makes verÈical downward samplíng most promising for standardisation.
The onl-y drawback ín practíce is, that the particle diameter range for an
efficiency of 96%, is limited to about 100 þm on the dynamic boundary, dependínglíttle on the volume f1ow. But when partícles bigger than 100 þm are sampled
from calm air in other directions, they are measured inaccurately, either
because they fal1 into an orifíce or they may be blovm into. In both cases
the concentration is measured ínaccurately. The dynamic limit is the funda-
mental limit for accurate samplirg from calm air.

For comparable sampling with a nrrmber of different instruments with ín-
verted inlet, the sampling characterístíc o f. arL ínstruments shourd be deter-
mined by the same physical principle. Then for geometrical uniform entries the
samplíng characteristics will falL off. along uniform curves and they are the
same when Èhe cut-off particle diameter ís the same. The cut-off particle dia-
meters for an efficiency of 96% may be expressed in (v, )rn"* for the three regions:

under normal
cond i t ions
(P=lbarrT:^29i)

vs=3xl0 7do z

From this Èable ít appears that for two inverÈed sample.rs with different values-
of mrq borh below rhe inertíal I
meters are the same if the value
Èhe samples are comparable.

ímit (boÈh *rQ( 0.3) the cur_off parricle dÍa_
of & is the same for each of Èhe samplers. Thenuo

m.q -Reg ion phys i ca I
limitation

Formal Límit sed. velocíty for
cut-off paricle diam.

mrq( 0. 3

0. 3<mrQ<0. 9

g. 9(nrQ

Ínerc ía1

dynamíca1

gravi Èa tional

(s tko )rn¿¡=16

(k¿q )*"*: 0.55

{ff)*"*:r /ro

(t, )ma* : 169 &
(t" )*r* = 0.4 5 "qo'z

(t. )*"* = 1/16 uo



Therefore,

comparabl e

are met:

samples taken with
within each of the
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different, geometrical

three m¡q-regions, if.
uniform sampl_ers, a:re

Èhe fo1lowíng conditions

mrQ-region I Condition

m.O(0.3 I þ consr.uo

0.3<nrQ<0.9 I q=consr.

o ' hrQ I uo: cons t.

r hope that Èhis knowledge wíl-1 contribute to the standardísation of orífíces
comparable sampling.
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Figure 1

Davies I criterion for represen-
rarive sampling in rhe (srku, #l-plane. Circles represenË -o
the cut-off particle radíí of.f
some contrnonly used dust samp-
ling instruments. They all are
beyond DAVIEST inerria limir.
In this graph the magnitudes
Stko and S "r" plorted along
orthogonaL" axes. This is not
correct, because Stko and {$are not independenl

I stt^ : -þ. : truo 
\\ u Do gDol

Firy9-2
Davies I criterion for represen-
tative sampling in *t" ( t ¿9r*-^)-plane. The particle size'*-
number, k¿6 is proportionaluY
with the particle diameter.
The tube size number. m-.\. is
p.opffie diàmeter
of the sampling tube. This is
a characteristic instrument.-
number, so that each sampler'can be characterised by its
mrq-value and its sampling di-
rection.
In this graph, the influence of
gravity is constant alon¿ the
sloping dashed lines for con-
stant values of the gravity
parameterr ßo. The influence
ãf i"ertia i3 constant along
the sloping dashed lines of the
inertia parameterr mi.
The Levin efficiencyr Elevr is
constant for constant values of
k¿Q'

71.r:
25 1,6 4

m
Io

VS
U6

INERTIA LIMIT

Ys-

'\ lrørz

r:'onítei)\,

LIMIT
ñ¡.Q5 I

28

75

-94

98 Figure 3

The Modifi"d C.it".io. for R"p*-
sentãTIüJEãlT-i''s.
For each sampling instrument the
mrQ-value determines the physÍ-
cal nature of the limitation.
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Figure 4

Aspirating characteristics for
tubes with upwar-d inlet for
different m-r.,,-values ín the
three regíoñð o.i different
physical limitation.

uo= I m/s

Fig 4C

50 too 200 300 500

Fig 48

too 200 300 500

rnrO4.20

Q=l.Ocm

rorO{.32
q=rocm uo= 50m/s

trQ{'lJ
4=Glcm

Fís 4A

oh

(Kaslow and Emrich)

efficiency strongly
direction of the inleÈ

3020

20 5030

Figure 5

The aspiratíng
depends on the

200 300 500
p.m

(Agarvral )

28

75

98

99

100Figure 6

Criterion for Comparable
Sampling with different in-
struments, with the conditions
for a constant cut-off particle
diameter in each region.

0=F
EFFICIENCY W"

0=180o
EFFICIENCY

DINMSW.!I-
E(q'96%
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uo=consl '


