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Accurate aerosol measurements of ambient and in- 
dustrial air environments are essential for the protection 
of human health. In this study, the overall aerosol sam- 
pling efficiency of a tubular thin-walled inlet, sampling 
isoaxially from environmental airflows, has been deter- 
mined by a dynamic evaluation technique for various 
values of particle size, wind and inlet velocities, and inlet 
size. With the assumption of laminar flow, models de- 
veloped from the results discriminate the dominant 
mechanisms that modify the sample properties during 
sampling and evaluate quantitatively the possible sampling 
errors for relatively wide ranges of sampling conditions. 
For Stokes numbers less than 0.03, the sampling efficien- 
cies are 100 f 20%, while for Stokes numbers larger than 
about 0.3 particle losses in the inlet become significant. 
On the basis of a large number of experimental data, the 
overall sampling efficiency of the inlet has been described 
accurately by a new nondimensional parameter consisting 
of Stokes number, gravitational deposition parameter, and 
Reynolds number. 

Introduction 
When aerosols are sampled from ambient or industrial 

environments, air with particles suspended in it is drawn 
through an inlet to a filter or direct-reading instrument. 
I t  is essential that the sampled aerosol be representative 
of the aerosol upstream of the sampler; i.e., the aerosol 
concentration, size distribution, chemistry, and other 
properties should be unchanged by the sampling process. 
If changes do occur, they should be known or predicted 
quantitatively to the greatest extent possible. 

Particles above a few micrometers in aerodynamic di- 
ameter may deviate from the air streamlines as they bend 
toward the inlet face. This results in a change in particle 
concentration and size distribution of the sampled aerosol. 
Most of the theoretical and experimental studies have 
focused on this aspiration process (1-13). In addition to 
aspiration, particle losses by gravitational deposition and 
impaction on the inner wall of the inlet may also change 
the sample properties. Thus, the overall sampling effi- 
ciency is generally lower than the sampling efficiency based 
on aspiration alone. Previous studies considering the entire 
inlet have primarily evaluated specific inlet designs 
(14-22). The purpose of this study was to develop a com- 
prehensive and generalized model for evaluating the aer- 
osol sampling accuracy for a wide range of conditions. 
Laminar flow conditions are assumed throughout the 
study. The effect of turbulence is currently under inves- 
tigation and will be reported on at  a later time. 

Our initial studies (23, 24) dealt with results and in- 
terpretations for an inlet of a specific size. We have now 
performed a large amount of systematic experiments 
utilizing different sizes of tubular thin-walled and sharp- 
edged inlets in our horizontal wind tunnel. Various factors 
were found to affect the overall sampling efficiency. The 
results have been modeled to discriminate the dominant 
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mechanisms that modify the properties of the sample 
depending on the Stokes number range of the sampled 
particle. In this paper, we discuss our findings for isoaxial 
sampling where the inlet is aligned parallel to the wind 
direction. Our findings for non-isoaxial sampling will be 
described in a separate paper. 

Experimental Procedures 
Our wind tunnel setup (23) has been computerized for 

fast data acquisition and manipulation of our sampling 
efficiency data. Test aerosols of oleic acid are generated 
by a specially designed vibrating-orifice aerosol generator 
(25,26) and are homogeneously dispersed into the air flow 
(23). The sampling inlet in the test section of the wind 
tunnel is integrated into the sensor of an optical single- 
particle counter that has been further modified so as to 
accomodate a high flow rate for the larger inlet sizes. The 
sampling inlet is surrounded by clean sheath air so that 
all aerosol particles that have passed through the inlet tube 
are registered by the sensor. All inlets used have been 
designed to be thin walled and sharp edged so as to meet 
the inlet design criteria of Belyaev and Levin (6, 7), which 
require the ratio of the exterior diameter to the interior 
diameter of the inlet face to be 51.05 and the angle of taper 
to be 515'. This assures that the rebound and reen- 
trainment effects at the edge of the inlet face are negligible. 

The sampling efficiency of the entire inlet system is 
defined as 

E, = c*/co (1) 

and may be characterized by the product of three distinct 
efficiencies (6, 7) 

Es = EaEBt (2) 

where C, is the particle concentration after passage through 
the inlet and Co is the true particle concentration in the 
original air environment. The aspiration efficiency, Ea, is 
the ratio of the particle concentration at  the face of the 
inlet to that in the undisturbed environment. The entry 
efficiency, E,, is the ratio of the particle concentration 
passing the inlet face to that incident to the face. The 
transmission efficiency, E,, is the ratio of the particle 
concentration exiting from the inlet tube to that just past 
the inlet face, which accounts for the particle losses to the 
inside wall of the inlet by gravitational settling, impaction, 
and turbulent or laminar diffusion, depending on the 
sampling conditions. Because of the thin-walled and 
sharp-edged design of our inlet, the entry efficiency, E,, 
is assumed to be unity, so that 

E,, = (3) 

Here, a further subscript is used to show the velocity ratio, 
R,  which is defined as 

R = U,/Ui (4) 

where U, and Ui are the wind velocity outside the inlet 
and the average sampling velocity in the inlet, respectively. 

In conventional wind tunnel studies the sampling is 
determined by collecting the sampled aerosol on to a filter 
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Table I. Experimental Conditions 

' 

parameter 

d,, w 
uw, cmls 
Vi, cmjs 
Di(i.d.) 

cm 
in. 

Di(o.d.) 
cm 
in. 

L, cm 

5 10 15 20 30- 40 50 
50Ocmlr 

250cy11~  
10 15 20 30 40 50 

value no. of combinations 

5-40 
250, 500, 1000 
125, 250, 500, 1000 

0.32, 0.56, 1.03, 1.59 
4/3a, 7/m 13/32, 2Q/32 

5 
3 
4 

4 

040, 0.64, 1.11, 1.67 
'/3a, '/m I 4 / m  2'/32 
20 1 

total = 240 

and determining the filter deposit gravimetrically or 
fluorometrically. The generation of performance curves 
for a given inlet is generally very time consuming when this 
conventional technique is used. In our studies we deter- 
mine the incident aerosol concentration once for each 
combination of wind and particle generation conditions 
by sampling isoaxially and isokinetically into the optical 
single particle counter (OPC) and determining the trans- 
mission loss in the inlet body by a fluorescence technique 
used on uranine-tagged oleic acid aerosol particles (23). 
While monitoring the aerosol generation for continuous 
and steady particle production, all non-isokinetic data are 
acquired with untagged particles by optical particle 
counting and relating the particle count to the upstream 
aerosol concentration measured at  isokinetic conditions. 
The overall sampling efficiency is thus 

E ~ , R  = Cs,dCo = (Cs ,dCs ,d(G,~/Co)  = Erel,&'s,1 (5) 

where the relative sampling efficiency, Erelp, is defined as 
the ratio of the optical particle count a t  non-isokinetic 
conditions to the optical particle count a t  isokinetic con- 
ditions. Since the aspiration efficiency is unity for 
isokinetic sampling 

Es,l = 4 1  (6) 

the overall sampling efficiency for non-isokinetic conditions 
is now the product of the relative sampling efficiency dy- 
namically measured by the optical counter and the 
transmission efficiency at  isokinetic conditions: 

Es, = Erel,REt,l (7) 

The experimental conditions investigated in this study 
are shown in Table I. The parameters d,,, Di ,  and L are 
the aerodynamic particle diameter, inlet inner diameter, 
and inlet length, respectively. Of the 240 possible param- 
eter combinations, 210 cases have actually been tested. 
Thirty combinations for the largest inlet were omitted 
because the experimental system could not handle the high 
flow rate in the inlet for the highest wind velocity. 

These experimental conditions correspond to a Stokes 
number, Stk, of 0.01-10 and velocity ratio, R, of 0.25-8, 
where the Stokes number is defined as 

Stk = 7U,/Di (8) 
and T is the relaxation time, defined as 

7 = ~,d,2/(184 (9) 

where pp is the particle density, d ,  is the particle diameter, 
and I] is the air viscosity. Relaxation time T is a measure 
of how quickly a particle adapts to a change in velocity of 
the surrounding air (27). At least three measurements were 
performed for each of the 210 parameter combinations in 
Table I, and their mean value, the standard deviation of 

U, = 250 cm/s 
Di = 1.03 crn 2.0 

I I --I- - 1.- I - - -  I 

LI 
2,0 1 Di = 1.03 cm 

R = A  .- 

0.1 
0.0 1 0.1 1 .o 10.0 

Stokes Number, Stk 

U, = 1000cml8 1 ,  

Partlcle Aerodynamlc Dlameter, dae, Bm 

Flgure 1. Inlet performance for a fixed inlet diameter: (A) U, = 250 
cm/s; (6) U w  = 500 cm/s; (C) U, = 1000 cm/s. 

which is about 2.0% or less, was used in our data analysis. 
Only through use of our dynamic measurement technique 
mentioned above was it possible to perform such a large 
number of systematic experiments. As a result, a large 
body of consistent data has been available for the devel- 
opment of our models. 

Results and Discussion 
Since aspiration efficiency data for given air velocities 

and particle sizes are generally nondimensionalized (4-7) 
through velocity ratio, R, and Stokes number, Stk, most 
of our data in Figures 1-8 are presented as a function of 
Stokes number. 

Figure 1 shows all the overall sampling efficiency data 
obtained for an inlet inner diameter of 1.03 cm. Our data 
for the other inlet sizes, 0.32, 0.56, and 1.59-cm inner di- 
ameters, have similar features when plotted in this manner 
and are included in subsequent figures. Figure 1 shows 
as a general tendency that all overall or total sampling 
efficiency data approach unity as Stokes number tends to 
zero for which the inertial effect disappears. For Stk < 
0.1, the sampling efficiency is 100 f 10%) and for Stk < 
0.03, it is 100 f 20%. As Stokes number increases, the 
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Figure 2. Inlet performance for different inlet diameters, U, = 500 
cm/s. 

sampling efficiency curves diverge depending on the ve- 
locity ratio and the wind velocity. For sufficiently large 
Stokes numbers, the overall sampling efficiencies decrease. 
This could be attributed to particle losses through gravi- 
tational deposition inside the inlet. The sampling effi- 
ciency decrease is a rather complicated phenomenon. It 
will be discussed by regrouping the data as shown in the 
following sections. 

The overall sampling efficiency data for a wind velocity 
of 500 cm/s shown in Figure 1B for different velocity 
ratios, R ,  are replotted in Figure 2 with the data for the 
other three inlet sized added. As seen, the sampling ef- 
ficiency for a fixed wind velocity is a function of Stokes 
number and velocity ratio and is not an explicit function 
of inlet size even in the high Stokes number region. Our 
data, thus, prove that the effect of inlet size is truely in- 
cluded in the expression for Stokes number although some 
small deviations appear for extremely large Stokes num- 
bers. Figure 2 shows that the decrease of sampling effi- 
ciency at large Stokes numbers is more pronounced for the 
higher velocity ratios. Figures 1 and 2 both show that the 
velocity ratio curves cross each other a t  large Stokes 
numbers. This crossover occurs because the larger velocity 
ratios have the lower inlet velocities for a fixed wind ve- 
locity. For larger particles, gravitational deposition in the 
inlet increases, as the ratio of average residence time in 
the inlet to the time for particle sedimentation increases, 
thus causing a more pronounced decrease in sampling 
efficiency at high Stokes number. At  lower Stokes num- 
bers, the effect of aspiration controls the overall sampling 
efficiency. Here, the overall sampling efficiency is higher 
for the higher velocity ratios. The aspiration efficiency has 
been studied extensively and may be expressed as ( 7 , l l )  

(10) 
2R + 0.62 

R/Stk + 2R + 0.62 E, = 1 + ( R  - 1) 

For the other wind velocities of 250 and 1000 cm/s, the 
tendencies are similar to the ones shown in Figure 2. 

If an aerosol in a specific wind environment is to be 
sampled at a specific velocity, one may ask which inlet size 
should be chosen. Figure 3 explicitly shows the effect of 
inlet size on the sampling efficiency for two air velocity 
combinations ( R  = 1 and 2) .  In order to show the effect 
on the given particle size distribution, the performance 
curves are plotted as a function of aerodynamic diameter. 
Figure 3 shows that, in general, the maximum possible inlet 
diameter should be chosen for the optimal sampling ef- 
ficiency. At smaller inlet diameters, particle deposition 
in the inlet is higher, resulting in reduced sampling effi- 
ciencies. 
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Flgure 3. Overall sampling efficiency vs. aerodynamlc particle diameter 
for a wind velocity of 500 cm/s: (A) U, = 250 cm/s; (B) U, = 500 
cm/s. 
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Figure 4. Inlet performance for fixed velocity ratios: (A) R = 2; (B) 
R = 4. 

Data presentation with different parameters fixed gen- 
erally illustrates different features of the process under 
study. Figure 4 shows overall sampling efficiency data 
plotted for fixed velocity ratios. While the data shown in 
Figures 1 and 2 converge to common efficiency values for 
Stk < 0.03, when presented for fixed wind velocities, we 
find from Figure 4 that the same data show uniform be- 
havior for Stokes number up to about 0.3, essentially'in- 
dependent of inlet size and inlet velocity, when plotted for 
fixed sampling ratios. In the Stokes number region of 0.03 
< Stk < 0.3, the overall sampling efficiency deviates from 
unity by the aspiration effect, but the deposition effect in 
the inlet is still not very significant. For larger values of 
Stokes number, particle losses by deposition in the inlet 
become dominant, and lower overall sampling efficiencies 
are attained for smaller wind and inlet velocities. 
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Figure 5. Inlet performance for fixed inlet velocities: (A) U ,  = 125 
cm/s; (E) U, = 250 cm/s; (C) U ,  = 500 cm/s. 

The inlet velocity is considered to be the most important 
fluid dynamic parameter controlling the transmission or 
deposition phenomena in the inlet. The results for fixed 
inlet velocities of 125, 250, and 500 cm/s are shown in 
Figure 5 in order to demonstrate the effect of R, the ratio 
of U,/ Vi, independent of inlet velocity. Even though each 
individual panel includes data from four different inlets, 
as in Figure 2, the effect of inlet size is now well repre- 
sented as a function of Stokes number, and the data for 
given Ui and R values plot smoothly. For the large Stokes 
number region, though, the rate of decrease in overall 
sampling efficiency is much greater for the smaller inlet 
velocity, but the shapes of the decreasing portions of the 
curves are similar to each other in each panel with a fixed 
inlet velocity. This suggests that the decrease in overall 
sampling efficiency by particle losses in the inlet should 
be plotted as a function of a new parameter that represents 
all of the flow and particle behavior in the inlet. 

A study of the transmission losses in our inlets has 
shown that the performance curves can be represented by 
a combination of three nondimensional parameters. We 
define inlet deposition parameter K as 

(11) K = [ (Z X Stk)/Re1/2]1/2 

L 

< 0.2 

$ 0.1 : I  E u 

0.5 

0 . 2 1  11251 - I 0 I A 1-1 

0.1 

0.00 1 0.01 0.1 1.0 

Inlet Doporltlon Parametor, K = E  JA- 
Figure 6. Inlet performance as a function of inlet deposition parameter 
K: (A) U ,  = 125 cm/s; (B) U, = 1000 cm/s. 

which includes the effects of particle inertia, particle en- 
trainment in the developing boundary layer inside the 
inlet, and gravitational deposition of particles on the inner 
wall. 

In this expression, Z and Re are the gravitational de- 
position parameter (27, 28) and Reynolds number (29), 
respectively, defined by 

Z = G/Ui)/(Di/Vs) (12) 

Re = UiDi/v (13) 

where V, is a gravitational settling velocity (27) and v is 
the kinematic viscosity of air. Utilizing this new parameter, 
the transmission efficiency for isoaxial sampling with 
different sized inlets is represented by 

E,, = e~p(-4.7KO.'~) (14) 

The coefficient and exponent in this equation have been 
determined empirically by a best-fit procedure. 

Figure 6 shows the measured sampling efficiencies 
plotted as a function of inlet deposition parameter, K. If 
we fix the inlet velocity, Figure 6A, as we already did in 
Figure 5, the decreasing portions of the sampling efficiency 
curves at the higher K values are now congruent; i.e., their 
shapes are similar to each other. The effect of aspiration 
is still seen in the middle range of inlet deposition pa- 
rameter, K. In Figure 6B the wind velocity is fixed at 1000 
cm/s. All of the overall sampling efficiency curves now 
approach zero at K values just below 1, in spite of their 
differences in inlet velocities. These results show that the 
new parameter K expresses well isoaxial sampling and 
transmission of high Stokes number particles through tu- 
bular inlets facing the wind in the horizontal direction. 

We have presented comprehensive data for the overall 
or total sampling efficiencies of inlets. For the thin-walled 
and sharp-edged inlets used, the overall sampling efficiency 
has been described as the product of aspiration efficiency 
and transmission efficiency (see eq 3). Since aspiration 
efficiency has been studied extensively, we can now 
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Figure 7. Aspiration efficiency vs. Stokes number, calculated from 
the measured overall sampling efficiencies; U, = 500 cm/s. 
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Figure 8. Relative contributions of aspiration and transmission losses 
to overall sampling efficiency. 

backcalculate the aspiration efficiency from our total 
sampling efficiency values, E,, and our transmission effi- 
ciency values, E,, given by eq 14. The aspiration effi- 
ciencies thus obtained are shown in Figure 7 for the case 
of U, = 500 cm/s. As seen, they agree very well with the 
solid lines given by eq 10, which are widely accepted to 
express the aspiration efficiency (11, 27). This good 
agreement suggests that the combination of the expressions 
for E, in eq 10 and E, in eq 14 may be applied not only 
to estimate the overall sampling efficiency but also to 
discriminate the dominant causes that modify the aerosol 
concentration during sampling. Figure 8 shows an example 
for U, = 500 cm/s, Di = 0.56 cm, and R = 0.5. This figure 
clearly shows which mechanism dominates in reducing the 
particle concentration and to what extent aspiration and 
transmission losses affect the concentration measured by 
a sensor downstream of the inlet. 

Conclusions 
The following conclusions result from our experimental 

study on the sampling efficiency of thin-walled, sharp- 
edged inlets sampling isoaxially from horizontal airflows 
under laminar flow conditions. 

(1) Losses of large aerosol particles by gravitational 
deposition in the inlet increase with decrease of inlet di- 
ameter. 

(2) In the small Stokes number region, the overall sam- 
pling efficiency is 100 f 10% for Stk < 0.01 and 100 f 20% 
for Stk < 0.03. For 0.03 > Stk < 0.3, the overall sampling 
efficiency is expressed well as a function of Stokes number 
with velocity ratio as a parameter. 

(3) In the larger Stokes number region, Stk > 0.3, par- 
ticle losses in the inlet significantly reduce the overall 
sampling efficiency. Here, the inlet performance is char- 
acterized well by a new inlet deposition parameter, K ,  eq 
11, which is a combination of nondimensional Stokes 
number, gravitational deposition parameter, and Reynolds 
number. 

(4) Aspiration efficiencies calculated from the measured 
overall sampling efficiencies, E,, eq 3, and the measured 
transmission efficiency, E,, eq 14, agree well with the 
predicted values for aspiration efficiency, eq 10. 

(5) Overall sampling efficiencies and the dominant 
causes that modify the aerosol concentration can be cal- 
culated from the expressions for aspiration efficiency, eq 
10, and the transmission efficiency, eq 14. 
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