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TSI Master Reference Electrometer (MRE) calibrated
by the National Physical Laboratory (UK)

Inlet flow gy, vre Measured by NPL when g, yge is set to 1 L/min:

Master Reference . dcar,MRE = 1-0173t L/min
Electrometer (MRE) Relative expanded (k=2) uncertainty U,{qc,, mpe) = 1.5 % The MRE is used to calibrate

W) a Reference CPC (RCPC) at TSI

Dilution bridge
HEPA Filter

1.5 L/min

Nominal C,,

CoMRE U, (k=2) CqMRE Ycalc MRE

3 0.5 L/mi
= fem”] Co,NPL [%] Cone. 9MRE [%] min . . |
; 23 5000 1.015 3.0 0.998 3.35 + S | e lEr
gy 41 5000 1.017 3.1 1.000 3.44 N > <
) 2000 1.026 3.1 1.009 3.44 Mixing 0 E
: 4000 1.018 3.1 1.001 3.44 orifice  [es 5
Measures electrical charge 2> 6000 101> 3.0 0.998 3.35 5y 1 L/min 1.5 L/min [ 15 L/min
Concentration [C/Cms] 8000 1.011 3.0 0.994 3.35 2 L/min
10000 1.012 3.0 0.995 3.35 Flow splitter
69 5000 1.017 3.1 1.000 3.44
Flow-corrected average detection efficiency )y g of the MRE: Concentration bias of the
Nominal RCPC inlet flow flow splitter
C 1 L/min : : : . .
TIMRE = [ QMRE | HcaleMRE _ 4 16 . / — = 0.9994 Indicated concentration of the L L/min Determined experimentally
ConpLl GcarmRe 1,0173 L/min RCPC under test - -
Volumetric RCPC inlet flow

Calculated with g, gepe = 1 L/min

Relative standard (k=1) uncertainty u,.(MRE) including flow correction: Measured with Gillibrator®

_ 2 2 2 2 2
U c U 3,05 % 1,5 %
u,(MRE) = ( ’”("MRE)) +<cv( QMRE)) +( ’”(QCAL'MRE)> = j( °> + (0,45 %)2+( > ") =1.76 %
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Engine Exhaust CPC (EECPC) calibrated by TSI against the Reference
Elementary

harce _ . Contribution of multiply
—B W = .' g Volumetric MRE inlet flow charged particles to ly,ee

: " ®
Measured with Gillibrator Measured with Tandem SMPS

Indicated, zero-corrected
o O ———f | i — | current of the MRE Flow corrected detection
e 1 g%y efficiency of the MRE

Taken from the MRE calibration certificate

Do,
Ean

u dmRe/drcpc
C Ycalc,EECPC # [
N,EECPC JEECPC CN,EECPC drcpc 1 1,021 1,015 1,0059
NEECPC = . — * MRCPC ° - ﬁ 2 1,017 1,021 0,9961
C N,RCPC . QCalC,RCPC C N, RCPC q EECPC i 18;; 1,81; 1,8822 Flovl\; :::I:_tter Normalized Efficiency Nnorm,i CV (normy) =
"RrRcPC dRrRCPC 5 1,024 1,020 1,0039 (with Tubing) RCPC cPc2 FCAE2 fpor

: he effici £ th < al VY f _ H ¢ Average 1,022 1,018 1,0033 1 0,9967 1,002 0,9978 0,9988
Since the efficiency curve of the EECPC is already (nearly) flat at 41 nm, and since the reference oV 0.23% 0.41% > 1 0018 0.9990 10009 10006

Instrument is a CPC, the influence of multiply charged particles can be neglected. 0005

1,0003

1,0023
0,9963

0,999 < B, < 1,001 > g = 1,00
U(B) = CV(Boyr,) = 0,08 %

0,9978
1,0018

1,0003
0,9995

ur(qMRE/ qRCPC) - CV(qMRE/ qRCPC) =0,41%

Example: EECPC detection efficiency at 41 nm dnere = 1,018L/min

U, (qrepe) = \/ (ur(Flowmeter*)))z + (CV(CIRCPC))Z

CV(Brort) 0,08 %

_ ninstr,i

- /(Zz}=1 77instr,i)/4‘

Determination of qrcpes Ueecpe Determination of yggcpc and =/ (1,23 %)% + (0,23 %)% = 1,25 %
and U.(dgrcpc/degcpe ) from five flow ur(iyrep) from five efficiency ") u (Flowmeter) = 1,23 % from the flowmeter calibration certificate
measurements over 15 minutes measurement repetitions

77norm,i

Efficiency Measurement Runs #1 to #5

Run Jrcrc Jeecpc qRCPC/qEECPC Raw 41 nm PAO 4 Aerosol (Electrospray)

# [L/min] [L/min] [-]

1,0E+08

0,9910
1,015 0,9896 1,026

1,024

1,0E+07 Efficiency Measurement Runs #1 to #5

Scan 1

Wy e by

A ITWIN|=

Detection Efficiency n
o
[Ye]

E
1,014 0,9891 1,025 < o
1,011 0,9886 1,023 % L Scan'3 'pﬁ( % ?we l“&f —
5 1’012 0’9889 1’023 o] 5 (ata =30 s average “‘% J

Average 0,9894 1,024

Ccv 0,10% 0,13%

1 31 61 91 121 151 181 211 241 271 301 331

1,0E+05

10 100
Mobility Diameter [nm]

Time (s)

Detection Efficiency n
o
0

o] 5 data =30 s average

)= 0,130 Efficiency (30 s avg) Raw PAO4 Aerosol Mobility Classified Calibration Aerosol  Charge Fractions
=013 %

EECPC CMD [nm] GSD[-] N[cm-3] N(p=1)[cm-3] N(p=2) [cm-3] N(p=3) [cm-3] p=1 bz o
qrrcpc = 0,9894 L/min

ur(qRCPC /q ) _ CV(qRCPC /q

EECPC

31 61 91 121 151 181 211 241 271 301 331

42,1 1,13 | 4,31E+06 | 9,47E+03 | 1,47E+01 9,98E-01| 1,55E-03 Time (s)
2 2 — - - ici
w,-(ggecpc) = J (u, (Flowmeter®))” + (CV(gggcpc)) 42,1 1,13 4,31E+06 | 9,47E+03 1,46E+01 9,98E-01| 1,54E-03 Efficiency (30 s avg)
42,2 1,13 4,29E+06 | 9,39E+03 1,54E+01 --- 9,98E-01| 1,64E-03
= V(1,23 %) + (0,10 %) = 1,23 % JeEcrc = Average 0,9079 42,1 | 1,13 |4,30E+06| 9,45E+03 | 1,46E+01 —  |9,98E-01] 1,54E-03
") u (Flowmeter) = 1,23 % from the flowmeter calibration certificate Ur(#rep) = CV 0,18% 42,2 1,13 4,30E+06 | 9,42E+03 1,54E+01 oo 9,98E-01| 1,63E-03
\/ (6(@yer) - 1) + (6(Bps) - 2)° Average | 0,9984 | 0,00158
Uy <z dp - p) = 2 1+ 0 > =0,01% Nrcpc = Average
D p=1 p=2 o 0,00005 | 0,00005 Ur(’lrep) = CV 0,31%

Uncertainty ! Uncertainty
component ' component

QL o
Ur (repe) From RCPC calibration i d u.(MRE) Taken from the MRE calibration certificate 1.76 %

U, (qRCPC/qEECPC) Fr&mgsz&:zgz;;:zrr]ztIjszfsptehr:Se:;u;i%w:s::;\ls 0,13 % ., (QMRE/ ) From repeatabilty of the ratio of the measured inlet flows 0.41%
u.(8) Determined experimentally (see RCPC calibration) 0,08 % r qRrRCPC (accuracy of q is not considered here since Qyrg = Jrcpe and use of the same flowmeter) '
U, (7o) Overall repeatabiIity;(:rc()e::rilt;‘(i)vr:es;7RCPC measurement 0.18 % Determined experimentally
P " (z b, 'p) De’Fermined experimentally frqm five Tandem-SMPS measurements 0.01%
Neecpc at 41 nm and 10000 cm = 0,9079 Note: Correction for double charged particles can be neglected since ¢,_, = 0,9984 = 1,00

W, (Mepcere) = +/ (1,84 %)% + (0.13 %)? + (0.08 %)% + (0.18 %)* = 1,86 % Overall repeatability, from five 7gcpc measurement repetitions
u,(qeecec) = 1,23 %

Relative expanded (k = 2) uncertainty U,
U (Meecec) = 3,71 % U,(qgecec) = 2,46 %

Reference: ISO 27891-2015: Aerosol particle number concentration — Calibration of condensation particle counters (ISO TC 24/SC 4/\WG 12)



