B UNIVERSITY OF

KLJH 2%

Theory and Experimental Validation of
the AAC Data Inversion

Cambridge Particle Meeting
June 23, 2017

T.J. Johnson, M. Irwin, J.P.R Symonds, J.S. Olfert and A.M. Boies

Division A: Energy, Fluid Mechanics and Turbomachinery




Overview

* AAC Introduction and Theory

« AAC Transfer Function Characterization

 AAC Size Distribution Inversion and Validation

o Effects of AAC Classifier Conditions

€C€E€<

=gz UNIVERSITY OF

"% CAMBRIDGE




Equivalent Particle Diameters

Equivalent
Aerodynamic Weight/ Dra
Diameter, d, Centrifugal 9
Electrical Mobility :
Y Diameter, d., Electrostatic Drag
Fs

« Particle Relaxation Time (7):

g Ce(da) - po-di _ Celdm) - pesr- diy _ Celdve) - pp - die
B 18u B 18u B 18u - x

Where m is the particle mass, B is the particle mobility, C,. is the Cunningham Slip Correction,
u is the viscosity of the surrounding gas, p, is unit density (1000 kg/m3), p.¢ is the effective
density of the particles, p, is the particle material density, d. is the volume equivalent

diameter and y is the particle shape factor.
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AAC Introduction and Theory

CAMBUSTION

Aerodynamic Aerosol Classifier

Animation provided by Cambustion (http://www.cambustion.com/products/aac)
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AAC Transfer Function (TF) - Balanced Flows

—— NDTF - = = DTF === Log ND TF "= Log D TF

* Non-diffusing (ND) transfer function is
1

based on the particle streamline
e model (Tavakoli and Olfert, 2013)
g 038
E 07}  Diffusing (D) transfer function
06 assumes that diffusion spreads the
E 05| particles in a Gaussian distribution
s o0al about the particle streamline model
2 0l (Tavakoli and Olfert, 2013)
Q
% 021 « Lognormal (Log) approximation of the
0.1 AAC transfer function was calculated
e : - following the theory developed by
Nondimensional Particle Relaxation Time Domain, 7/7* Stolzenburg and McMurry (2008) to
AAC Setpoint: 7+ = —%sh*Cexn represent the DMA transfer function
| | mwinAT L lognormally
Non-dimensional Flow Parameter: f = ﬁ
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TF Characterization using a Tandem AAC Setup

Ny(ds2)
v ]
Poly-dispersed i i : ‘ il : ; O
Aerosol Source |7
AAC 1 AAC 2 CPC
Vent  Constant Setpoint (d, ) Stepping Setpoint (d, ) * -

Bypass to measure N1(d*a,1) at start and end of each AAC 2 Scan

« Upstream AAC (AAC 1) is set at a constant setpoint and selects one
aerodynamic particle diameter from the poly-dispersed aerosol source.

* Downstream AAC (AAC 2) steps through the aerodynamic diameter domain of
the classified particles and records the corresponding doubly classified particle
concentration at each setpoint.
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Parameterized TF for Tandem AAC Deconvolution

Similar to Martinson et al.’s (2001)
characterization of the Differential
Mobility Analyzer (DMA) transfer
function, the AAC transfer function was
parameterized to capture non-ideal
behaviour, such as particle diffusion and
losses, using:
« Transmission Efficiency (1q)

Scales area under transfer function
« Transfer Function Width Factor (ug)

Scales transfer function FWHM
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Nondimensional Particle Relaxation Time Domain, «/7*

AAC Setpoint: t* = Qsh*Qexh

Tw2(ry+15)2%L

Non-dimensional Flow Parameter: f =
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Tandem AAC Theory and Deconvolution
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Transmission Efficiency, A

Scales area under AAC transfer function

O ABLF o AABHF ¢ B-ALF v B-AHF
1
0.9} AAC: L_=37.9m, )_=0.79
f D.B F
-
> 07 )
&
o 0.6F
= Karlsson et al. (2003):
W o5} 3071 DMA
5 L =7.1m, A =0.98
) eff e
E 04}  AACLF
2 03¢} DMA HF
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Particle Aerodynamic Diameter, da (nm)

LF: ©/, . = %3/5LPM,
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HF: %/, = 15/15LPM

AAC transmission efficiency (1qaac) at aerodynamic
diameter (d,) can be estimated from:

Aa.aac = Ap (da) - Ze
DMA transmission efficiency (1q,pma) at electrical mobility
diameter (d,,) can be estimated from:
Aa,pma = 4p (dm) - e * fn(dm)
Where:
= ] is the losses due to classifier entrance/exit effects
= 1p is the diffusional penetration (Karlsson et al., 2003):

A — {0.819e‘11'55 +0.0975e77%1% + 0.0325e717%% 5 > 0.007
P 1—5.508" + 3.776 + 0.8145" 8 < 0.007
= f,is the fraction of particles with mobility diameter d,,, neutralized

to a minus one charge state [estimated by Wiedensohler (1988)
and Gunn et al. (1956)].

The non-dimensional deposition parameter (6):

6(dp) = e .le(dp)

Where L is the length of a circular tube with the same diffusion
deposition as the classifier, D is the diffusion coefficient of the particles
with diameter d,, and Q, is the aerosol flowrate into the classifier.

2. AAC Transfer Function Characterization




Transfer Function Width Factor, ug

Scales width of AAC transfer function

© ABLE © ABHF ¢ B-ALF v B-AHF The transfer function width factor of the AAC
1 . , (MQ,AAC (da)) or DMA (MQ,DMA(dm)) can be
_o9t” SWth";E%%(1hiﬁfngm . estimated from:
f_“ 0.8} ;"' .
g o7} ,'; . ﬂuﬂ(dp) = a dII; T
§ oor Where d,, is the particle diameter in nm.
c 05¢
B o4l -
2oLl | DMAc 1105  -1.739 0.9956
" ot - AAC LF 1202  -0.2663 0.8805
0 e e - AACHF  7.144e-06 1.229 0.4947

Particle Aerodynamic Diameter, da (nm)

@ Based on data collected by Birmili et al. (1997)
LF: @/, =03/;LPM, HF: %/, =15/,.LPM
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Aerodynamic Size Distribution Measurement

v ~ 1
il N ©

. AAC : ; CPC .
Stepping Setpoint (d ,)

Aerosol Source 3
to be Characterized

* This setup measures the aerodynamic size distribution ( v

dlogda) of a steady-state

aerosol.

« The AAC steps through the aerodynamic diameter domain of the aerosol source
and records the corresponding classified particle concentration as a function of
it's aerodynamic diameter setpoint.
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AAC Inversion- Raw Measurements to dN/dlogd,

« Stolzenburg and McMurry (2008) determined:
N, = [ @) -0 - an,

Where N; is the particle concentration downstream of the classifier, n; is the particle
detector counting efficiency and Q is the classifier transfer function at particle relaxation
time setpoint ;.

* Applying the AAC Non-ldeal Transfer Function to this equation yields the
following solution:

111(10) . Ni
dlogd .
Ni 'Wgra Bint
l

Where ;'\ is a non-dimensional parameter that describes the transfer function
resolution, and incorporates the transmission efficiency factor (1g) and width factor
(uqg) previously determined.

UNIVERSITY OF

CAMBRIDGE 3. AAC Size Distribution Inversion and Validation




AAC Inversion Validation- AAC vs SMPS Theory

« To validate the AAC inversion, including its transfer function parameters
(Aq and ug), an AAC and SMPS were used in parallel to characterize the same
aerosol source, however:

« The SMPS measures the particle electrical mobility size spectral, o8 d)

dN
dlog(dy)

« The AAC measures the particle aerodynamic size spectral,

« Therefore, the AAC’s equivalent electrical mobility size distribution was
calculated from its measured aerodynamic size distribution by:

AN AN k_drl;m—l [Dm_1+2.34-Ac-l(rl:1m—2)+1_05_A.exp(_0.39_d;n)_(D;nrgz 0.;9)]
diog(dm)  dlog(da)  pody  [2-d,+2342+1.05--exp(~0.39-92).(1-220a)]

Cc(dm)'Peff'd?n

« Derived from the definition of particle relaxation time: 7 = 164

« Assumes fractal effective particle density: pog(dy) =k - dﬁ{“_S

« Cunningham slip correction function was estimated following Allen and Raabe (1985)
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AAC Inversion Validation- AAC vs SMPS Results

O SMPSMGC o AACLE NI wocnrnl ¢ DOS nebulized by constant output atomizer

3.5 2107 : : « Both the SMPS multiple-charge correction®,
and AAC losses/broadening correction were
significant and required

m
L

N
w

« High degree of agreement between corrected
AAC and SMPS/CPC measurements (CMD,
GSD and N, agreement of -0.8%, 1.2% and
1.4% respectively)

M

—a
o

Percent Difference from:
CMD (nm) GSD Niotal (p/cm?®)
CPC Niotas SMPS MC CMD

-
T

Size Spectral Density (dM/dLog(d_)/cc)

% SM[P)S R 21290 1.82 3.12E+04 62.6% -13.3%
0.5 % . ata
e L= iz 258.11 1.94 1.37E+04 -28.5% 5.1%
0 ) . Data
10’ 10° 10 DS M 24558 198 215E+04  11.8% N/A
Particle Electrical Mobility Diameter, d__ (nm) s
" AAC LF A and
_ _ _ _ C 24358 2.00 1.95E+04  1.4% -0.8%
«SMPS multiple-charge correction was applied following p Corrected
He et al. (2013) with the particle charging fractions CPC (Direct N/A N/A  1.92E+04 N/A N/A

estimated by Wiedensohler (1988) and Gunn et al. (1956). Measurement)
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Other Considerations: Varying Classifier Conditions

» Decarlo et. al (2004) determined:

X pPo Cc(dy)

Where d, is the particle aerodynamic diameter, d,. is the particle volume

equivalent diameter, y is the shape factor and Cc is the Cunningham slip
correction.

« Since dy, in an intrinsic particle property, it can be used to relate the change in
d, at different conditions (i.e. classifier versus reference):

daclass — Cc(dve)@ Classifier Conditions Cc(da'ref)@ Reference Conditions
da,ref

Cc(dve)@ Reference Conditions Cc(da,class)@ Classifier Conditions

Assumes y is constant over regimes (x. = y; = x,,)
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Kn at Classifier versus Reference Conditions

a,ref

Id

Reference Regime Factor, d

0.9 0.9 0.9

0.8 0.8 f 0.8

0.7 0.7 0.7

10 102 10" 10° 10" 107 10° 10° 1027 107 10° 10" 10° 10° 10° 107 107 10° 10" 10?

Classifier Knudsen Number, Kn (d )
a,class
Vx - pyle,
050 «reerervesenees 0.67 —-—-=-—- 1.00 - - - - 1.50 2.00

Where:

* (c is only a function of Knudsen Number (Kn)

« At the same conditions: Kn(d.) = Kn(da) = Kn (da)J

a,class

Continuum Ref Regime, Kn(d }=U‘U1 Transition Ref Regime, Kn(d_ _.)=1 Free Ref Regime, Kn(d_ .)=100
15 a,ref 15 a,ref 15 a,ref
Continuum | Transition Free Continuum | Transition Free Continuum | Transition Free
1.4 1.4} 1.4
1.3 1.3} 1.3
1.2 1.2} 1.2

1.1
1
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1.1
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1.1
1
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4. Affects of Classifier Conditions

1 pp Cc(Kn(dve))

Cc(kn(dy))




Considering Normal AAC Operating Conditions

Classifier Temperature, T (K) (while P =P .=101325 Pa)
class class = ref

- 320 310 300 290 280 270 320 310 300 290 280 270 320 310 300 290 280 270
= 1.05 1.05 1.05
2 Tet| 4 =10 nm Tetl 4 =100 nm Tet| 4 =1000 nm
e 1.04 a,ref 1.04 ¢ a,ref 1.04 a,ref
[17]
S 1.03 1.03 |} 1.03
m
T 102 1.02 | 1.02
5}
g 1.01 1.01 1.01
L 1 T ———— 1 Eesm B
@
E 099 0.99 ¢ 0.99
§ 0.98 0.98 } 0.98
@ 097 0.97 } 0.97
$ 0.96 p 0.96 | p 0.96 p
Hu_: ref ref ref
5 0.95 0.95 . . . o5
4 95000 100000 105000 110000 95000 100000 105000 110000 95000 100000 105000 110000

Classifier Pressure, P (Pa) (while T =T .=293.15K)
class class ref

x - pyle,
——— 0.50 s 0.67 =-msmem- 1.00 - - - = 1.50

2.00
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Summary

« The AAC is a novel instrument that classifies particles based on their aerodynamic
diameter.

« A tandem AAC setup was used to characterized the transfer function of individual
AACs and experimentally determined:

« High transmission efficiencies (1o = 80%); and

» Transfer function broadening higher than predicted by theory (uq =
0.45 to 0.75).

« The AAC transfer function inversion theory was developed and validated
experimentally as shown by the high degree of agreement with SMPS
measurements completed in parallel.

« The change in the selected particle aerodynamic diameter due to varying classifier
temperature and pressure is negligible (<1%) within the AAC operating range.
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Questions?

tjj31@cam.ac.uk
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