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Abstract 

From ep�dem�olog�cal research �t �s well-known that 
grav�metr�c em�ss�on and �mm�ss�on measurements do not 
supply all �nformat�on wh�ch �s cruc�al for the effects of 
atmospher�c part�cles on human health. Count�ng measur-
�ng methods (e.g. opt�cal aerosol spectrometers) offer the 
advantage of the part�cle s�ze and part�cle quant�ty deter-
m�nat�on �n t�me h�gh resolut�on, thus quas� real t�me de-
term�nat�on.

A representat�ve sampl�ng �s cruc�al for the �nformat�on 
content of the part�cle s�ze and part�cle quant�ty measure-
ment both dur�ng em�ss�on measurements (e.g. �n exhaust 
ducts) and measurements �n amb�ent a�r or �n stables.

In exhaust ducts the part�cle sampl�ng must be accom-
pl�shed �n an �sok�net�c and representat�ve way concern�ng 
the part�cle s�ze and part�cle quant�ty over the duct cross 
sect�on. Dur�ng the �mm�ss�on measurement w�th count-
�ng measur�ng methods the sampl�ng concern�ng part�cle 
s�ze and part�cle quant�ty has to be l�kew�se representat�ve. 
For the adherence to the appropr�ate def�n�t�ons of part�cle 
fract�ons often pre-separators (e.g. sampl�ng heads such as 
PM1, PM2.5, PM10) and pass�ve collectors l�ke S�gma 2 
(VDI 2119 part 4) are used.

W�th the wh�te-l�ght-aerosol-spectrometer-system welas® 
both the representat�ve sampl�ng place �n an exhaust duct 
and the collect�ng eff�c�ency of d�fferent sampl�ng heads 
can be found and/or determ�ned fast and safely. 

In th�s paper we are go�ng to present results wh�ch were 
determ�ned �n the exhaust a�r duct of a turkey hen stable 
and �n a turkey hen stable �n November 2006.
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1 Basics concerning isokinetic and representative sam-
pling in exhaust air ducts

Dur�ng the part�cle s�ze and part�cle quant�ty determ�na-
t�on of aerosols the select�on of the measur�ng method, of 
the measur�ng dev�ce and the proceed�ng w�th the sampl�ng 
are of cruc�al �mportance. The unclear answer to the fol-
low�ng quest�ons not seldom leads to ser�ous errors dur�ng 
the part�cle s�ze and part�cle quant�ty determ�nat�on:

What �s to be measured?
Where �s to be measured?
How �s to be measured?

A typ�cal measurement cha�n for the on-l�ne measure-
ment of part�cle s�zes and part�cle quant�t�es �s represented 
�n f�gure 1. Th�s f�gure also shows that the weakest ele-
ment of the measurement cha�n determ�nes the qual�ty of 
the measurement.
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F�gure 1: 
Typ�cal measurement cha�n

Dur�ng the part�cle s�ze and part�cle quant�ty determ�na-
t�on �n exhaust ducts (e.g. of forced vent�lated stables) one 
must sample �n an �sok�net�c and representat�ve way. An 
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�sok�net�c sampl�ng makes sense only �f the constancy of 
the flow rate at the sampl�ng place �s not h�gher than the 
�nd�cated tolerance to the �sok�net�c sampl�ng. 

The effect of the non-�sok�net�c sampl�ng can be eas�ly 
made understandable w�th the help of f�gure 2.

W = V W > V W < V

F�gure 2:
Representat�on of the �sok�net�c sampl�ng (W = flow rate �n the duct, V = 
flow rate �n the probe)

Isok�net�c case W = V: All part�cles, wh�ch flow aga�nst 
the probe w�th�n the flow cross-sect�on, are collected. In 
case of a too slow suct�on W > V, more large (�nert�al) par-
t�cles get �nto the probe open�ng. Those part�cles cannot 
any longer follow the flow l�nes due to the�r �nert�a. In case 
of a too fast suct�on W < V, more small part�cles are sucked 
�n, s�nce the large (�nert�al) part�cles not be�ng able to fol-
low the flow l�nes fly by at the outs�de.

The error of the non-�sok�net�c sampl�ng �s not l�near and 
depends accord�ng to (H�nds W. C. 1999) on the rat�o of 
the part�cle concentrat�on CV/CW, on the rat�o of the gas 
flow W/V and on the part�cle d�ameter (CV = concentrat�on 
�n the sampl�ng probe, CW = concentrat�on �n the exhaust 
duct). 

The representat�ve sampl�ng place concern�ng part�cle 
s�ze and part�cle concentrat�on can be determ�ned fast w�th 
a count�ng measur�ng method at suff�c�ent part�cle concen-
trat�on by scann�ng the cross sect�on.

D�fferent part�cle losses �n the sampl�ng l�nes can occur 
by select�on of the mater�al (metal or plast�c), of the �ns�de 
d�ameter, of the length of sampl�ng l�nes and by sed�menta-
t�on and �mpact�on effects.

1.1 Results for the determination of the representative 
sampling

The numbers �n f�gure 3 represent the d�stance to the duct 
wall �n cm from the north and/or west s�de. Thus, pos�t�on 
30 �s the duct centre.
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F�gure 3:
Al�gnment of the measur�ng po�nts �n the exhaust duct, duct d�ameter 60 
cm

The �nc�dent-flow rate was measured w�th a thermo-an-
emometer. S�nce the �nc�dent-flow rate �s not constant over 
the duct cross sect�on, �t was spec�f�ed w�th 5 m/s for the 
sett�ng of the d�ameter of the �sok�net�c sampl�ng probe.

The part�cle s�ze and part�cle quant�ty determ�nat�ons 
were detected w�th:
opt�cal aerosol spectrometer:  welas®-system 2000
   welas®-sensor 2300
sampl�ng volume flow:  5 l/m�n
measur�ng ranges:   0.3 – 17 µm or 
   0.6 – 40 µm
selected measur�ng range:   0.6 – 40 µm
measur�ng t�mes:    at each pos�t�on 2 x 60 s

The measur�ng range of 0.6 - 40 µm was selected on the 
one hand because part�cles as large as poss�ble should be 
measured and on the other hand because the data should 
be compared w�th a parallel operated opt�cal aerosol spec-
trometer of the company Gr�mm, whose measur�ng range 
was �nd�cated from 0.5 to 30 µm.

W�th the welas®-sensor 2300 the part�cle concentra-
t�on can be measured pract�cally co�nc�dence-free up to 
CN = 104 part�cles/cm³. The measured part�cle numbers N

.

�ncreased from the outs�de �nward from N
.

 = 1036 - 2423 
part�cles/m�n. 

Due to the part�cle number d�str�but�on �n the exhaust 
duct, the sampl�ng po�nt for the welas®-system was def�ned 
�n pos�t�on 40 of the N-S ax�s and the suct�on flow rate for 
the grav�metr�c mass determ�nat�on �n pos�t�on 20 of the 
W-E ax�s.

The Gr�mm-spectrometer was attached w�th an �sok�net�c 
part flow consumpt�on probe �n the suct�on flow rate for the 
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grav�metr�c mass determ�nat�on. Over the measur�ng t�me 
of 15 m�n both the welas®-system and the Gr�mm-spec-
trometer could reg�ster at the same t�me the fluctuat�ons 
of the part�cle numbers. Afterwards the welas®-system was 
attached at the part sampl�ng probe of the Gr�mm-spec-
trometer, �n order to determ�ne there the part�cle s�ze d�s-
tr�but�on. Follow�ng, an ax�al cyclone (H�nz T. 1983) w�th 
the separat�on funct�on accord�ng to f�gure 4 was �nserted 
�n front of the part sampl�ng probe, �n order to determ�ne 
�ts separat�on funct�on.
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F�gure 4:
Johann�sburger separat�on funct�on
Theoret�cal curve and actual cal�brat�on wh�le sampl�ng w�th a flow rate 
of 50 m³/h

For th�s cyclone the cut-off-d�ameter �s �nd�cated w�th 
5 µm. All part�cles larger than 7.5 µm should be separated. 

In f�gure 5 the measur�ng curves are represented wh�ch 
were measured w�th the welas®-system after the part flow 
consumpt�on w�th and w�thout measur�ng cyclone. S�nce 
the theoret�cal separat�on funct�on (f�gure 4) of the cyclone 
does not let pass pract�cally any part�cles above 10 µm, 
the measur�ng range at the welas® was selected from 
0.3 - 17 µm. 

F�gure 5 shows clearly that the cyclone has a cut-off-d�-
ameter of 5 µm and does not let pass pract�cally any par-
t�cles larger than 10 µm.
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F�gure 5: 
Measured relat�ve volume d�str�but�ons of the part�cles �n the exhaust 
duct, welas®-sensor 2300 beh�nd the part sampl�ng measur�ng sect�on 
w�th and w�thout cyclone, measur�ng range 0.3 – 17µm

2 Definitions concerning separation devices and sepa-
rators

The evaluat�on of separat�on degrees and separat�on ef-
f�c�ency curves can be qu�te compl�cated on closer �nspec-
t�on, s�nce here the dependence of the separat�on process 
on the part�cle s�ze and poss�bly also st�ll further mater�al 
and operat�on propert�es are to be cons�dered. The selected 
measur�ng method and the measurement setup can affect 
the separat�on degree and the separat�on eff�c�ency curve 
l�kew�se substant�ally. 

The separat�on degree (f�gure 6) �nd�cates wh�ch port�on 
of the feed arr�ved after the separat�on �n the coarse frac-
t�on and/or �n the f�ne fract�on.

The mass balance dur�ng the two-fract�on separat�on, �.e. 
dur�ng the separat�on w�th a separat�on cut (1 coarse frac-
t�on and 1 f�ne fract�on), �s very helpful dur�ng the evalua-
t�on of separat�on dev�ces and separators.
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F�gure 6:
Separat�on curves of separat�on dev�ces (e.g. cyclones) and separators (e.g. f�lters)
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F�gure 7:
Mass flows of a separat�on

The �ntegral mass balance suppl�es: fga MM M +=

The total separat�on eff�c�ency: T =̂  coarse mass fract�on

Retent�on 
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The total penetrat�on grade: P =̂  f�ne mass fract�on
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If one refers all masses to Ma, then one gets: PT1 +=

W�th the dust concentrat�on Craw  = Ca �n raw gas and 
Cclean = Cf �n clean gas one can also wr�te:

raw

clean

C

C
1T −=  T = total separat�on eff�c�ency

(x)C

(x)C
1T(x)

raw

clean−=

T(x) = separat�on degree depend�ng on the part�cle s�ze =̂  
fract�onal separat�on eff�c�ency
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(x)Cclean = part�cle concentrat�on �n clean gas depend�ng on x

(x)Craw = part�cle concentrat�on �n raw gas depend�ng on x
 x = part�cle s�ze

A class�f�er can be descr�bed mean�ngfully only w�th a 
separat�on curve. Just l�ke dur�ng the descr�pt�on of a par-
t�cle s�ze d�str�but�on at least two parameters are needed: a 
locat�on parameter and a d�str�but�on parameter. 

Often, only the locat�on parameter T(x) = 50 % �s �nd�cat-
ed as value of the separat�on l�m�t, cut-off. S�nce separators 
frequently do not show a symmetr�cal run of the separat�on 
curve (f�gure 6), �t has to be adv�sed aga�nst th�s approach. 
The exclus�ve �nd�cat�on of the separat�on l�m�t �n po�nt 
T(x) = 50 % does not supply any �nformat�on about wh�ch 
form shows the separat�on curve and/or wh�ch select�v�ty 
shows the separat�on dev�ce. 

The selectivity is described by the distribution parameter χ. 

Th�s parameter can be calculated at d�fferent part�cle s�zes:
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E.g. x10 means the part�cle s�ze x at wh�ch the separat�on 
curve �s T(x) = 0.1 = 10 %. 

The values x10 to x90 descr�be the run of the separat�on 
curve w�th�n a certa�n range below and/or above x50. The 
more closely �s selected th�s range, the fewer �nformat�on 
conta�ns the curve on the border areas of the separator. 

For the cr�t�cal evaluat�on of the select�v�ty and/or of the 
cut-off of a separat�on dev�ce or of a separat�on eff�c�ency 
curve the mean�ngful �nd�cat�on of the used measur�ng 
technology and a clear sketch of the measurement setup 
are necessary. For th�s measur�ng task the welas®-system 
proved part�cularly of value, s�nce here also large part�cles 
can be clearly detected.

A separat�on dev�ce has always a separat�on curve, and no 
step funct�on, as th�s �s descr�bed also �n (John A. C. et al. 
2001 and VDI 2066 part 10).

2.1 Measurement results related to collecting efficiency 
of sampling heads

W�th the welas®-system, one determ�ned the d�fferent col-
lect�ng eff�c�enc�es of the sampl�ng heads and/or w�thout 
sampl�ng head but only w�th sampl�ng tube w�th an �ns�de 
d�ameter of 8 mm. 

It was determ�ned �n a measurement-technolog�cal way 
that the part�cle number w�th�n the measur�ng range from 
0.6 - 40 µm w�th the S�gma 2 accord�ng to VDI 2119 part 
4 �s around the factor 2 h�gher than w�th only the sam-

pl�ng tube of d�ameter 8 mm. After these measurements, 
the d�fferent sampl�ng heads PM1, PM2.5 and PM10 were 
connected w�th the welas®-system and the�r collect�ng ef-
f�c�enc�es were determ�ned.

In f�gure 8 the respect�ve relat�ve cumulat�ve frequency 
d�str�but�ons of the measurements w�th the �nd�v�dual PM-
heads are represented. The d�fferent separat�on funct�ons 
are clearly recogn�sable.
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F�gure 8:
Relat�ve number cumulat�ve d�str�but�on �n the turkey hen stable w�th d�f-
ferent PM-heads

F�gure 9 shows the relat�ve volume d�str�but�ons of the 
part�cles let pass by the d�fferent PM-heads. One can clear-
ly recogn�se that th�s �s also a separat�on curve and not a 
step funct�on.
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F�gure 9:
Measured relat�ve volume d�str�but�ons �n the turkey hen stable w�th d�f-
ferent PM-heads

These measurement results conf�rm the def�n�t�on and 
representat�on �n VDI 2066 part 10.

PM10 d50/3 ≤ 10
PM2.5 d50/3 ≤ 2.5
PM1 d50/3 ≤ 1

There �s a var�at�on of def�n�t�on at the result of PM1.

Table 1:
d50/3 values of the measured PM-heads

PM 10 2.5 1

d50/3 9 µm 2.5 µm 2.5 µm

Dur�ng the sampl�ng w�th S�gma 2 there were measured 
a h�gher number of part�cles and larger part�cles than w�th 
the PM10-head. Thus, at the d�scuss�on on the evaluat�on 
of the total dust exam�nat�on the sample collector S�gma 2 
�s to be absolutely cons�dered. 

For the evaluat�on of a measured separat�on funct�on of a 

separator �t �s necessary to know the dev�ce character�st�cs 
of an aerosol spectrometer.

In the VDI 3867 part 4 draft and �n the ISO/CD 21501-1 
e.g. the s�ze resolut�on, the s�ze class�f�cat�on, the border 
zone error as well as the�r effect on the part�cle s�ze d�str�-
but�on are descr�bed. These new gu�del�nes w�ll be useful 
for the users of part�cle measur�ng technology w�th count-
�ng measur�ng methods for the determ�nat�on of the mass 
concentrat�on.

3 Conclusions

W�th opt�cal aerosol spectrometers the collect�ng eff�-
c�ency d�fference of d�fferent sampl�ng heads and the func-
t�on of pre-separators can be determ�ned fast. Also the rep-
resentat�ve sampl�ng place �n exhaust tubes can be found 
fast and safely. 

The measurements shown above �nclud�ng setup and d�s-
mantl�ng were accompl�shed �n 6 hours.
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