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A Universal Calibration Curve for the TSI Aerodynamic

Particle Sizer

Chuen-Jinn Tsai,! Sheng-Chieh Chen,! Cheng-Hsiung Huang,> and Da-Ren Chen®

! nstitute of Environmental Engineering, National Chiao Tung University, Hsin Chu, Taiwan
2Department of Environmental Engineering and Health, Yuanpei University of Science and Technology,

Hsin Chu, Taiwan

3Department of Mechanical Engineering, Joint Program in Environmental Engineering, University

of Washington in St. Louis, St. Louis, Missouri

A universal calibration curve for the accurate determination
of particle aerodynamic diameter by the TSI APS (TSI, Inc., St.
Paul, MN, USA) operating at various temperature, pressure, par-
ticle, and gas properties is proposed. The previous dimensionless
APS response function proposed by Chen et al. (1985) uses the
Stokes number as the governing parameter and is valid in the
Stokesian regime only. In the non-Stokesian regime, an additional
non-Stokesian correction factor is needed to correct for the indi-
cated aerodynamic diameters of the APS. The universal curve in
the present study is based on the relationship between V', and Stm,
where V; =V,/V, and V, is particle velocity, V, is gas velocity
at the nozzle exit, and Stm is modified Stokes number. Stm incor-
porates the non-Stokesian effect and is defined as 24St/(Re*Cp),
where Re is the flow Reynolds number and C), is the particle drag
coefficient. We find that the new calibration curve can predict the
particle aerodynamic diameter accurately within 6% of error un-
der different operating conditions and particle/gas properties from
the referenced condition without the need to introduce additional
correction factors.

INTRODUCTION

The Aerodynamic Particle Sizer (APS, TSI, Inc., St. Paul,
MN, USA) was developed to determine the aerodynamic diam-
eter of airborne particles with high resolution. The instrument
measures the transit time of a particle between two laser beams
downstream of an accelerating nozzle. Due to the sudden accel-
eration of carrying gas at the nozzle exit, particles with larger
inertia will lag more behind the accelerating gas stream and
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travel more slowly than particles of smaller inertia. Therefore,
the particle transit time between two laser beams can be used to
measure the particle aerodynamic diameter. The particle transit
time, ¢, can be expressed as

t L (1]

v,

where L and V, are the distance and particle mean velocity
between two laser beams, respectively. The particle transit time
(with the unit of 1077 s) is related to the APS channel N as
(Rader et al. 1990)

t = (4N —2). 2]

That is, the response of the APS can be expressed as the
relationship between the channel number or particle velocity
V, versus the aerodynamic diameter. Due to physical variations
among different APS units, a factory calibration is performed
on each instrument before shipment. The APS response func-
tion depends primarily on Stokes number. However, a secondary
effect on particle Reynolds number due to non-Stokesian effect
will give rise to different APS responses (Wilson and Liu 1980;
Raderetal. 1990). Raderetal. (1990) reviewed the previous liter-
ature on the effects of particle density on APS responses (Wilson
and Liu 1980; Baron 1986; Ananth and Wilson 1988), as well
as the methods to correct APS responses for particle density for
spherical particles (Wang and John 1987, 1989) and nonspheri-
cal particles (Brockmann and Rader 1990). For large liquid par-
ticles, additional uncertainties in APS responses resulting from
droplet deformation were found (Baron 1986; Brockmann et al.
1988; Tsai et al. 1998).

In an effort to find a unique APS response function, Chen
et al. (1985) calibrated the APS at different sets of conditions.
Their results showed that a unique calibration curve resulted for
each APS when Stokes number, St, was plotted against V;‘ (V’j" =
V,/ Ve, where V), is particle velocity, and V, is gas velocity at
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the nozzle exit). The Stokes number, St, is defined as

D2V,C
St — m7 [3]
u, W
where
2RT P 12
V, = x In : [4]
M i, P— AP

In Equations (3) and (4), p, D, C, ptg, W, R, T, My, P, and
AP are the particle density (kg/m?), particle diameter (m), slip
correction factor for the particle of diameter D,, gas viscos-
ity (N - s/m?), diameter of the nozzle at the exit (m), universal
gas constant (8.3143 J/mol - K), operating ambient temperature
(K), molecular weight of the air (28.9 g/mol), ambient pres-
sure (mmHg), and pressure drop across the nozzle (mmHg),
respectively.

The above universal APS response function is applicable
in most cases. However, if the particle density is greater than
2000 kg/m?®, Wang and John (1987) found particle density af-
fected the APS measurement. This density dependence of APS
measurements was first pointed out by Wilson and Liu (1980)
and was experimentally investigated by Baron (1984). In order
to correct for the particle density effect, Wang and John (1987)
developed a correction factor using the one-dimensional equa-
tion of motion for spherical particle in the non-Stokesian regime
(Fuchs 1964). They found that the correction could be as large
as 40% and 30% for p, = 200 and 8000 kg/m?, respectively,
for a 20 um particle diameter.

Rader et al. (1990) found that the dimensionless APS re-
sponse function suggested by Chen et al. (1985) could be used
up to a certain intermediate Stokes number with only reasonably
small errors. However, due to non-Stokesian drag effect, large
and systematic deviations from the reference (factory) calibra-
tion were observed for large values of Stokes number, particu-
larly for the calibration in argon. The sizing errors amount to
<12% for a nominal PSL diameter of 20 um. A non-Stokesian
correction factor had to be introduced to reduce the errors of
measurement. Similar to Wang and John (1987), they derived
another correction factor taking into account different gas prop-
erties at operating and reference calibration conditions as

2/3\ 1/2
F_\/S_t’z‘_<6+R2/>/’

(5]

/st \e+ R
where
3/2
R =& St |V, — V|

2 1/3
e (it
Ppilgi Vg
The subscript 1 denotes properties (gas and particle) at the refer-
ence (calibration) condition, while the subscript 2 denotes prop-

erties (gas and particle) at the operating condition. The only
unknown in Equation (5), ,/St;, can be obtained by iteration.
St* is defined as

St — ppDngC’
18y L
where the slip correction factor C is evaluated at the downstream
pressure of the nozzle. The derivation of Equation (5) requires
that V,, is the same for both calibration and operating conditions,
aso-called single-velocity mode of operation (Rader et al. 1990).
This new correction factor reduces the differences between the
argon calibration and the reference air calibration by about half.
Re-examination of the response function proposed by Chen
et al. (1985) and subsequently by other investigators indicates
that the Stokes number used in the function restricts its validity
in the Stokesian regime only. This explains why the errors of
measurement increase with an increasing Stokes number and
why an additional correction factor has to be used to correct for
the non-Stokesian effect. That is, a two-step procedure is needed
to correct for the non-Stokesian effect, which could be due to
the increase in particle density, particle diameter, and carrying
gas flow rate, and change in operating temperature, pressure,
and gas properties. It is desirable to have a universal calibration
curve that incorporates the non-Stokesian effect in the governing
parameters of the curve, so that an additional correction factor is
not necessary. This can be achieved by using a modified Stokes
number, which is based on the particle Stokes number, flow
Reynolds number, and particle drag coefficient, as the governing
parameter in the universal calibration curve.

UNIVERSAL CALIBRATION CURVE

The universal calibration curve proposed in this study is mod-
ified from the particle equation of motion described by Wilson
and Liu (1980). In the dimensionless form, the equation of par-
ticle motion from the nozzle exit to the detecting laser beams
can be express as

dvVy Re(l—V3)Cp
dre 24(St)

) [6]

where t* is the dimensionless transit time. Reynolds number
(Re) and drag coefficient (Cp) (Willeke and Baron 1993) are
defined as

VD
Re = P70 [7]
Mg
Co= =2 Re,<0.1
=—, Re, <0.
P Re, r

24
o (1+0.0916Re,). 0.1 <Re, <5

€p

£(1+0158Re2/3) 5 <Re, < 1000, [8]
R . p ’ — p ’

€p
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where particle Reynolds number in Equation (8), Re, is defined
as

V,—V,)D
e, = Pgl( glL ») P 9]
g

R

Note that in the previous derivation of correction factors by Wang
and John (1987) and Rader et al. (1990) the drag coefficient is
only valid for Re, > 5.0.

From Equation (6), it is seen that V; depends on the dimen-
sionless parameters St, Re, and Cp only, and so should the APS
responses. If one defines a modified Stokes number, Stm, as

24St

Stm = ———,
RC*CD

(10]

then V; depends solely on Stm only. That is, the APS response
function described by the calibration curve of V7 versus Stm
should be universal.

We used the experimental data of Chen et al. (1985) for the
S/N 145 APS (TSI model 3300), Rader et al. (1990) for the S/N
311 and 106 APSs (TSI model 3300), and our own data for the
S/N 431 APS (TSI model 3310A) to generate three different
universal calibration curves based on one of these investigators’
operating condition using air as the carrying gas. Each calibra-
tion curve was checked for accuracy against the experimental
data of each investigator at other conditions/carrying gases. The
experimental data of the APS S/N 145 were obtained by using
3 different total flow rates for different material particles with
different densities (Chen et al. 1985). Besides polystyrene latex
(PSL) particles, two kinds of liquid particles, dioctyl phthalate
(DOP) and oleic acid (OA), were also used in the study by Chen
et al. (1985). However, it was observed that liquid particles dis-
torted into oblate spheroids in the acceleration field of the APS,
resulting in underestimation of particle aerodynamic diameter
(Willeke and Baron 1993). The droplet distortion appears to be a
function of droplet viscosity and surface tension (Griffiths et al.
1986), and the shift in droplet diameter, A, can be corrected by
an empirical equation (Baron et al. 2003) as

A =ad; /(6" 1), [11]

where a, b, and ¢ are fitted constants and o is surface tension of
the droplet (N/s). This droplet distortion effect was not consid-
ered in the unique calibration curve by Chen et al. (1985).

The APS S/N 311 and S/N 106 data were obtained by using
different total flow rates and different carrying gases (air and
argon) to sample PSL particles (Rader et al. 1990). Finally, our
data for the APS S/N 431 were obtained under three different
total flow rates by using PSL particles.

To further validate the accuracy of the proposed universal cal-
ibration curve, the effects of particle density, operating pressure,
and temperature on the APS responses, new correction factors
were calculated by fixing Stm at both reference calibration and
operating conditions. These correction factors were then com-

pared with those calculated by Rader et al. (1990). Although we
show later that the differences in the correction factors by the
two methods are very small, it is to be noted that the correc-
tion factors are not needed once the universal calibration curve
developed in this study is adopted.

The particle slip correction factor, carrying gas density, and
viscosity are dependent on the downstream pressure and tem-
perature of the nozzle. We assumed one-dimensional isentropic
ideal gas flow at the nozzle exit because the Mach numbers are
always greater than 0.3 for the APS. Gas properties at the nozzle
exit can be found by Equations (11)—(14) as (Fox and McDonald
1985):

K—1 1/K—1
Ps0 _ [1 i —M2] , [12]
Pg 2
o _ 1+ K-1,p K/K_l, [13]
P 2
LIS Sl JVE [14]
T 2 ’
v,
M=—2=2__ [15]

VEKRT/ Mg’

where p,0, Py, and Ty are stagnation (ambient conditions) gas
density, pressure, and temperature, respectively; p,, P, and T
are the corresponding properties at any arbitrary position (down-
stream of the nozzle); and K and Mg, are the specific heat ratio
of gas (for air K = 1.4) and gas molecular weight, respectively.
Substituting Equation (15) into Equation (13), the relationship
between V, and P can be expressed as

1K 2
P—AP 14 :1+(K_1)VgMgas [16]
P 2KRT '

This equation is different from Equation (4), which assumes
isothermal condition at the nozzle exit. From this equation, and
Equations (12) and (14) the actual gas density, viscosity, and
temperature downstream of the nozzle can be obtained and used
in establishing the universal calibration curves and computing
the new correction factors.

RESULTS AND DISCUSSION

Comparing the Present Universal Calibration Curves with
the Calibration Curves of Chen et al. (1985)

Figures 1 to 3 compare the present universal calibration
curves with the experimental data at different conditions and
the calibration curves suggested by Chen et al. (1985). In these
figures, instead of plotting V; versus St (or Stm), we plot St
(or Stm) versus V,f to facilitate the use of the calibration curves
to calculate the aerodynamic diameter from the APS responses.
Figure 1a is the experimental data obtained in this study plotted
as St versus V;‘, following the method by Chen et al. (1985), at
three different total flow rates (Q,) for PSL particles (APS S/N
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Figure 1. (a) Calibration curve plotted as V; versus St. (b)
Present universal calibration curve plotted as V7 versus Stm.
Curves are for the data at Q, = 5.0LPM. Experimental data
from the present study, APS S/N 431.

431). It is seen that three data sets fall in the same calibration
curve when St < 100, but some data points begin to deviate
from the curve when St > 100 due to non-Stokesian effects. The
deviation increases with an increasing St. For example, for the
same 21.4 pum PSL particles, the deviation of St for O, = SLPM
and Q; = 4LPM is the maximum and is 22.3%, corresponding
to an uncertainty in the aerodynamic diameter of about 10%.
The calibration curve is plotted by using the experimental data

_ ¥=1234 42EXP(-XM0.051)
\ +185.09E XP(-X/0.133), Rep2 5

Rep=5 —

Figure 2. (a) Calibration curve plotted as V versus St. (b)
Present universal calibration curve plotted as V' versus Stm.
Curves are for the data at O, = 5.1LPM. Experimental data
from Rader et al. (1990), APS S/N 311.

at Q, = SLPM. If the curve is established using the data set at
other flow rates, similar deviation at large St is found. In compar-
ison, the universal calibration curve shown in Figure 1b, which
is obtained by substituting Stm for St in the y axis, indicates that
all experimental data almost fall on the same universal calibrat-
ing curve obtained at O, = SLPM. The maximum deviation of
Stm for Q, = 5LPM and Q, = 4LPM is reduced to 12.6% for
21.4 pm particles, corresponding to a maximum uncertainty in
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Figure 3. (a) Calibration curve plotted as V[f versus St. (b)
Present universal calibration curve plotted as V' versus Stm.
Curves are for the data at Q;, = 5.0LPM. Experimental data
from Chen et al. (1985), APS S/N 145.

aerodynamic diameter of about 4.8%. Similar errors were found
when the universal calibration curve was established using flow
rates other than SLPM.

The fitted equations for the universal calibration curves in
Figure 1b, and subsequently in Figures 2b and 3b, are obtained
by the least-square regression using the polynomial function
for 0.1 < Rep < 5 and the exponential decay function of the
second-order for 5 < Rep < 1000 based on the experimental

data at Q, = SLPM. It is found that no single function can fit
all experimental data over the entire range of Rep.

Similarly, Figures 2 and 3 show better agreement of the uni-
versal calibration curve with the experimental data by Rader
et al. (1990) and Chen et al. (1985), respectively. Larger devia-
tion from the experimental data was found when the traditional
calibration curve was plotted as St versus V7. For example, in
Figure 2a the deviation is the maximum for 20 um particles
carried by argon, which is 26% in St, corresponding to an un-
certainty in the aerodynamic diameter of about 12%, which was
also described in Rader et al. (1990). Based on the experimental
data at O, = 5.1LPM using air as the carrying gas, the universal
calibration curve of the APS S/N 311 is able to predict the aero-
dynamic diameter for the APS operating at different flow rates
and carrying gases to within 4.5% accuracy (Figure 2b). That
is, the universal calibration curve established using the current
method at a certain reference calibration not only can predict the
particle aerodynamic diameter at other operating flow rates but
also with different carrying gases.

Chen et al. (1985) used three different total flow rates to cal-
ibrate particles of different materials (PSL particles in the size
range between 0.2 and 5 um, OA or DOP particles between 1.5
and 16 um, and fused aluminosilicate particles (FAP) particles
between 0.5 and 4 um) for the APS S/N 145. The particle densi-
ties were 0.894, 0.986, 1.00-1.05, and 2.3 g/cm3 for OA, DOP,
PSL, and FAP, respectively. Again, the traditional calibration
curve of St versus V deviates more from the experimental data
than the universal calibration curve (Stm versus V;‘), as shown in
Figure 3. The universal curve is again shown to predict the par-
ticle aerodynamic diameter accurately with the maximum error
of 6% (occurs for 16 um DOP particles) for such a wide range of
flow rates and particle densities. In comparison, the maximum
error using the traditional calibration curve by Chen et al. (1985)
is 9.9% (also occurs for the 16 wm DOP particles).

If the distortion of OA and DOP particles was considered,
and the particle diameter due to droplet distortion effects was
adjusted by Equation (11) (Baron etal. 2003) to establish another
unique calibration curve, it was found that the maximum error
of predicting the aerodynamic diameter did not reduce. Instead
of the maximum error of 9.9%, it became 11.2% for the 16 um
DOP droplets. Similarly, for the present universal calibration
curve considering droplet distortion effect, the accuracy was
not improved either. One of the possible reasons is that the gas
velocity change (or flow rate change) was not considered in
Equation (11).

That is, for a maximum sizing error of <6%, once the univer-
sal calibration curve is established at a certain reference calibra-
tion condition for an APS, the same curve can be used at different
flow rates, carrying gases, temperatures, pressures, and particle
densities. There is no need to recalibrate the APS, and the use
of correction factors is not necessary either.

To use the universal calibration curve at a particular operating
condition, V;f is first calculated from a certain indicated channel
number and total operating flow rate (or V, ). From the universal
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curve, Stm can be found and the corresponding aerodynamic
diameter can then be calculated. Iteration is needed since Cp
depends on Rep.

To check if the three universal calibration curves, represented
by Figures 1b, 2b, and 3b, for three different APSs are different,
these curves were plotted on the same graph. Results showed
that the maximum differences between the curves are <10% in
terms of the aerodynamic diameter. This error is about twice as
much as that of the individual calibration curve. This indicates
the need to calibrate each APS individually to avoid uncertainties
due to physical variations.

In conclusion, the main idea of the universal calibration curve
is to have the curve built on one set of conditions that can then
be applied to all other conditions. The procedure of building the
curve is as follows:

1. Calibrate the APS under a particular condition using solid
particles (such as PSL) to obtain the relationship of chan-
nel number versus actual aerodynamic diameter.

2. Calculate Stm and the corresponding V' by Equations
(1—=@3), (7)—(8), and (12)~(15).

3. Fit the value (V' versus Stm) by polynomial regression
for 0.1 < Rep < 5 and exponential decay function of the
second order for 5 < Rep < 1000.

Effects of Particle Density, Carrying Gas, and Operating
Pressure and Temperature

The previous investigators used a two-step method to cor-
rect for the aerodynamic diameter indicated by the APS. Here
it is demonstrated that the current universal calibration curve
can also be used to generate the same correction factors as the
previous investigators, although these correction factors are not
really needed when the universal curve is adopted to calculate
the actual aerodynamic diameter under a particular operating
condition. In the last section, it is demonstrated that each APS
responded uniquely to a single parameter, Stm. As long as Stm
is the same between two conditions, the indicated APS aerody-
namic diameter should be the same but can be different from
the actual aerodynamic diameter. For calculating the correction
factor, the single-velocity mode of operation was used. The cor-
rection factor was defined as the ratio of the actual aerodynamic
diameter to the indicated aerodynamic diameter.

Figure 4 shows the comparison of the effect of particle den-
sity on the correction factors between the present method and
the method of Rader et al. (1990); see Equation (5). Good agree-
ment is seen between these two methods. The particle density
effect increases (and the correction factor deviates more from
1.0) with an increasing particle diameter and increasing devi-
ation from unit particle density. The correction factor will ap-
proach 0.7 for p, = 8000 kg/m? and 1.10 for p,, = 500 kg/m* at
the channel number 875 (corresponding to the aerodynamic di-
ameter of 26.1 um). Small difference between the two methods
is observed when the particle density deviates too much from
the density of the calibrating particles, p,. = 1050 kg/m?, and
the maximum difference of 0.9% occurs at the channel number

Particle Density Effect
Prc=1050(Kg/m3)

B thick lines:present method 1

thin lines: theoretical method of

12 Rader et al. (1990) |
———————

e
PUNRE S 0
-
-
-

correction factor, F
4
kY
A
4

-——
08 | =~

200 400 600 800
Channel Number, N

Figure 4. Correction factor versus channel number, different
particle densities (fixed 7 = 293 K, P = 760 mmHg).

875 for p, = 8000 kg/m>. In contrast to the isothermal assump-
tion adopted by Rader et al. (1990) and previous investigators,
the current correction factors were calculated based on the gas
properties assuming isentropic flow (see Equations (12) to (14)).
These two different assumptions result in differences in down-
stream temperature of 15 K and gas velocity of 2.5 m/s, and they
contribute to a maximum difference of 0.5% in the collection
factors in the channel 875 between the two methods. Other dif-
ference in the correction factors is caused by different methods
used to calculate the correction factors.

Baron’s experimental data (filled symbols) (1986) were also
used to check if the current method can correct for the particle
density effect to obtain actual aerodynamic diameters from the
APS’s indicated aerodynamic diameters. Potassium biphthalate
(KHP) and sodium tungstate (N,WOQ,), with densities ranging
from 11001190 and 2000-2500 kg/m?, respectively, were used
in Baron’s experiment. Figure 5 shows that the calibration curve
obtained using PSL particles gives indicated aerodynamic diam-
eters that are higher than the actual diameters (represented by
filled symbols in Figure 5). Without correction, the maximum
error of prediction by the calibration curve obtained using PSL
particles can be as much as 12%. The current method can obtain
accurate aerodynamic diameters (represented by open symbols)
with a maximum error of less than 3.9%.

Figure 6 shows the correction factors due to operating pres-
sure effects. When the operating pressure is less than the calibra-
tion pressure at 760 mmHg, the correction factor is less than 1.0
and decreases with a decreasing pressure. The correction factor
is about 0.85 if P = 500 mmHg at the channel number 875. The
correction factors by the present method and Rader et al. (1990)
are very close to each other, with the maximum difference of
<0.9% for all particle sizes (channel numbers).
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Figure 5. Comparison of calibration curve generated by PSL
particles with APS response at two different particle densities.
Filled symbols, experimental data by Baron (1986); open sym-
bols, predicted by the present method.

Figure 7 shows the differences in the APS (S/N 106) re-
sponses between the TSI calibration at P = 740 mmHg and 7=
293 K, and that of Rader et al. (1990) at P = 630 mmHg and
T = 295 K, using the same V,. The deviation in the channel
number is large for large particles, and the maximum is about
4.7% for 29.0 um particle. Using the prediction by the present
method at P = 630 mmHg and 7" = 295 K, the maximum devia-
tion from the TSI calibration for the channel number is down to

1.2
| Pressure Effects Pa=7B0mmHg |
Pc=760mmHg ~ memmeseee- Pa=700mmHg
thick dashed line: presented method = = = = = Pa=600mmHg
1.1 |— thindashedline: theoretical method  _ — — . Pa=500mmHg |
of Rader et al. (1990) — — — Pa=800 mmHg

correction factor,F

08 l 1 l 1 I 1 I

aerodynamic diameter,um

Figure 6. Correction factor versus channel number at various
operating pressures (fixed T = 293 K).

® Calibration data of T SI(740mmHg) A

A Operation at local(630mmHg)

1200 — . : -
Theoretical corrections by

presented method

800

Channel number response of APS

400

1 I 1 I L I
0 10 20 30

aerodynamic diameter (actual), Dpa (um)

Figure 7. Channel response for the APS S/N 106 operated at
two different ambient pressures. Solid curve is the corrected
response at 740 mmHg by the present method based on TSI’s
calibration at 630 mmHg.

0.3% (corresponding to an uncertainty in aerodynamic diameter
of <1%).

The operating temperature effect on the correction factors
is shown in Figure 8 in the temperature range of 265-325 K.
The correction factor is not significantly different from 1.0 and
is within 1 & 0.04 for all particle sizes. The correction factors
of the two methods differ by at most 4.2% at 325 K, channel
number 875.

Temperature Effect, Tc=295K

108 | thicklines presentmethod =T === Ta=265K
: thin lines Rader et al. (1990) - — = - Ta=315K
— = = Ta=325K

1.04

correction factor, F

0.96

Channel Number, N

Figure 8. Correction factor versus channel number at various
operating temperatures (fixed P = 1 atm).
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Figure 9. Channel response for the APS S/N 311 calibrated
with air and argon (experimental data by Rader et al. 1990).
Solid curve is the corrected response for argon by the present
method based on the reference calibration by air.

The present method can be used to correct for the APS re-
sponses when operating the APS in a carrying gas other than air,
which is normally used in the reference calibration. As shown in
Figure 9, the channel number response is quite different for the
air and argon calibration data (Rader et al. 1990). The difference
in the channel number increases with an increasing diameter, and
is 12.5% for a 20 pum particle. After correcting by the present
method, the difference in the channel number is reduced to 2.3%
for a 20 um particle, corresponding to an uncertainty in aerody-
namic diameter of about 3.8%.

CONCLUSIONS

The responses of the APS are influenced by the non-Stokesian
effect, and the indicated particle aerodynamic diameters must be
corrected for particle density, flow rate, gas properties, operating
pressure, and temperature if the operating condition is different
from the reference calibration. This study has demonstrated that
a universal calibration curve can be obtained at a reference cal-
ibration and applied to other operating conditions and carrying
gases to obtain accurate aerodynamic diameters with less than
6% of errors without recalibration. The assumption of single-
velocity mode of operation is not necessary. Using a modified
Stokes number, Stm = 24St/(Re * Cp), the non-Stokesian effect
embedded in the flow Reynolds number, Re, and drag coeffi-
cient, Cp, is automatically incorporated in the universal calibra-
tion curve. The accuracy of the universal calibration curves has

been confirmed by the experimental data of previous investiga-
tors and the present experiment at different flow rates, particle
densities, carrying gases, and operating pressures.

The effects of particle density, operating pressure, and tem-
perature on the correction factors have been studied by the
present method and are compared with those by the method
of Rader et al. (1990). In general, good agreement is obtained.
In summary, if the current universal calibration is used to estab-
lish the APS responses, these correction factors are not needed,
and recalibration of the APS at a particular operating condition
is unnecessary unless extreme accuracy is desired.

This study used calibration data obtained by earlier models
of the APS. It is worthwhile to study the calibration data of the
new TSI model 3321 APS in the future. Also, to complete the
calibration study of the APS, a more accurate equation should
be developed to predict the distortion effect of the droplets on
the underestimation of aerodynamic diameter, as suggested by
Baron et al. (2003).
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