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Abstract: The dynamic method of generating referencahe main contributor

Volatile Organic Compounds (VOC) mixtures at tréeeel
requires the uninterrupted blending of the compbfiews.
The accurate control of the dilution air flows damrealized
by Mass Flow Controllers (MFC). Accuracy and stiapibf

to the mixture concentration
uncertainty.

The maximal value that allows to neglect their
contribution to the uncertainty of the mixture centration

can be considered as the target uncertainty ofithdow

MFC are here measured and discussed in order ity verrates. 0.2% and 0.1% are the target uncertainti@suraow

their use in dynamic gas dilutors. Long term stgbil
confirm the necessity of calibrating MFC before learse.
MFC accuracy results not pressure drop dependarit,
limited by the short term stability for flows belalan 70%
of MFC full scale and generation time shorter than
minutes.

Keywords: Mass Flow Controllers, VOC, dynamic operation stability needs ad-hoc experiments to

dilutor, reference gas mixture.

1. INTRODUCTION

and broad temperature control respectively.

The uncertainty of the dilution air flow rate mag b
bcomposed by composing the accuracy, calibratiobildia
(i.e., long term stability) and operation stabil{iye., short
term stability) of the flow control system duringetdilution
time. Accuracy and calibration stability of thewil control
system is calculated by the traceable calibratidrereas the
be
calculated.

There are two classes of instruments candidatehr
accurate control of the dilution air flows: thosasbd on
fixed flow elements (e.g., sonic nozzles) [7][8]dathose

The dynamic method for the generation of referencéased on variable flow elements (e.g., Mass Flowt@der,

Volatile Organic Compounds (VOC) mixtures at tréeeel
requires the uninterrupted blending of the compbmeass
flow rates (VOC flow and dilution air flows) for swe
specific period of time [1], i.e., the dilution tangenerally
shorter than 1 hour. Different schemes of dilutan de
adopted, VOC flow can be diluted by one or two stagith
fresh air flow and one flow is connecting the stage

VOC flow rate is controlled by the temperature loé t
dynamic source, e.g., diffusion or permeation tubHse
stability of the VOC flow rate is mainly dependeon
temperature stability while its accuracy depends
temperature variability and weighing accuracy ] [

Air flow rates target uncertainty can be calculatexin
the uncertainty budget of the generation system A3]a
broad temperature control, e.g., 0.1 K, the unaoesteof a

MFC) [4][5][6]. In the both cases the state-of-#m
accuracy of the provided flow rate is 0.1% [9].

The operation stability of the flow rate provideg a
sonic nozzle depends on the operation stabilitythe
temperature and pressure of the upstream. It isilgesto
realize a very stable control of these variableslileg to a
flow rate operation stability in the order of 0.01%0]. The
calibration stability of the sonic nozzles is givey the
stability over time of the orifice geometry, i.egnic nozzle
may have fouling problems, and the calibration ifitatof

oithe temperature and pressure measurement systems.

MFC can give a wide range of flow rates (10-100% fu
scale) allowing to change the composition of theG/@as
mixture rapidly and in a continuous manner. A commo
drawback of the instruments operating with variathbev

VOC mass flow rate over 5g/min, was calculated to be 1.49glements, is that the flow rate accuracy is limitgd the
[2] [3]. For a two stages dilutor, an uncertairggd than 0.2%flow rate calibration stability, as reported in [@jd [11]. It

of each air mass flow rate does not affect the entmation
uncertainty in the mixed flow. Over 2% uncertairttye air
flow rate becomes the main contributor to the nrixtu
concentration uncertainty. At a narrow temperatoetrol,
e.g. 0.01 K, the uncertainty of a VOC mass flove rater 5
pg/min, was calculated to be 0.4% [2] [3]. For a tstages
dilutor, an uncertainty less than 0.1% of eachrass flow
rate does not affect the concentration uncertaintythe
mixed flow. Over 1% uncertainty, the air flow rdtecomes

follows that it is required a deep understandinghef MFC
accuracy and short-term stability, when these umsénts
want to be used in dynamic dilutors.

In the preparation of gas mixture at trace levehva
double stage dynamic dilution, according to 1SO %84
standard [12], at least three dilution flows arquieed to
dilute the VOC mass flow, i.e., from diffusion tisheTwo
flows correspond to the two main dilution lines,esas the
third connects the two dilution stages.



A pressure drop is necessary from the first stagthé

second one to make the MFC properly working. The

pressure in the first line must be the lowest fmesand
cannot exceed 10 kPa to make the diffusion tub@eqytp
working. A low pressure drop (2-3 kPa) MFC mustused
for the inter-stage flow.

This paper deals with the MFC calibration stabijliye
accuracy of low pressure drop MFC at very low puess
drop and the quantification of the MFC stability ridg
operation.

The scope is to experimentally verified the useM&iC
in dynamic gas dilutors.

Fig. 1. Experimental setup

The results will lead to a more robust value, not

commonly reported, for the MFC flow stability thaan be
determinant in the choice of the optimal gas cdrgystem
in the dynamic dilutor. Besides the investigatiantioe limit
gas pressure in the first dilution line of the V@&@utor
system can contribute to the choice of the optindilutor

geometry a”OWing also the miniaturiZing of the VOCVa|ue, at the Working time, and the value of the

generation system.

2. MATERIALSAND METHODS

3. RESULTSAND DISCUSSION
Calibration stability: The bias between the calibration

manufacture’s calibration certificate, at the simgptime,
referred to the nominal flow rate, has been comsitld¢o

evaluate the calibration stability. Figure 2 repatie bias
values for MFC1 at 50% f.s. and at 90% f.s., naB®&g in

Two thermal mass flow controllers at nominal 25function of the time t. Shipping time has been a®tt=0.
NL/min (model EL-FLOW Select ® , F201CV-20K-AAD- Each value has been calculated as the average of 4
33-V, Bronkhorst HI-TEC) and one mass flow congddlat measurements, the repeatability has been lowerQte¢v6
nominal 100 NmL/min (model LOWAp-FLOW, F-101D- and the INRIM calibration uncertainty is 0.1% forFR1
100-AAD-33-V+F-004-AC-LU-33-V, Bronkhorst HI-TEC) (vertical error bars in Figure 2). The uncertaimtfy the
were tested in this work. Hereafter they referresl amanufacture’s calibration certificate for MFC1 &% and

MFC1_A, MFC1_B and MFC2 respectively. Bronkhorst90% f.s., are 1.1% and 1.0% respectively.

specifications define an optimum gas inlet pressange, of
2-3 bar.g for MFC1, and 20-30 mbar.g. for MFC2.

Flow rate measurements were performed by the INRIN

bell prover (160 liters nominal capacity, 0.2 I/mim 400
I/min) [13] and the INRIM piston prover (3 literominal
capacity, 0.1 ml/min to 2 I/min) [14].

The experimental set up is reported in Figure 1.AiC
cylinder; PR: pressure reducer; n: gas connect@an(l 2);
BP: bell prover; PP: Piston prover; V: valve). Téet up
was tested for gas
measurement. Leakages were set lower thau/tn.

MFC1 were 0.1% calibrated at 10%, 50%, 90% f.4l (fu

scale) by the bell prover. Temperature and presstitbe
tested gas inside the bell prover have been mehsrthe
beginning and at the end of each measurement. M2
calibrated at 20, 60, 80, 100 % f.s. (full scalg)tfie piston
prover. Calibrations were repeated along 6 monihs the
shipping date of the instruments to evaluate thgy-ierm
stability (named “calibration stability” in this wi). MFC2
was 0.05% calibrated at 100% f.s. at a pressune @noged
from 0.08 to 4.5 kPa.

For the quantification of the operation stabilityFi1
and MFC2 flow rates were measured as an averagadn
10 s along 5 hours. 10%, 50%, 90% f.s. were coresitfor

leakages before and after ea
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Fig. 2. MFC1 calibration stability

From Figure 2 it is noticeable a “random” caliboati
variability within 0.5% in a 6 months period andeviation
from the calibration uncertainty (0.1%) just affew days.
In spite of this fact the Mass Flow Controllers eéns
within its manufacturers stated uncertainty (1%) the
tested calibration time. Similar result has beetaioled for
MFC2. Calibration stability has been checked fohdurs

MFC1, while 100% f.s. was considered for MFC2. Thecontinuous work of MFC. Calibration variability B2t

standard deviation of flow rate referred to therage flow
rate has been calculated for each time intervadiénthe 5
hours measurements at different interval length [3.,
observation time =20 s -100 min.

different observation time has been calculated éddwer
than calibration uncertainty. Since the calibratgtability
exceed the defined target flow uncertainty of 0.1%2%,
the MFC must be calibrated before (and after) enitiure
generation.



Low pressure drop effects: MFC2 is recommended to
work at 2-3 kPa pressure drop. To reduce pressutle
first stage of the dilutor a lower pressure is mayavenient.
MFC2 has been calibrated at 80 to 4500 Pa presbtome
Below 100 Pa pressure drop, the mass flow rateala§%
bias and a 2% variability. In the range 100 to 48@0the
variability of average values is similar to the erainty
(0.03%). Moreover Fisher statistical test on dattside and
inside the recommended range, have shown thathtbleyng
to the same population with a confidence greaten ®7%.
It means that above 100 Pa, even outside of thgested
working range (2-3 kPa), the variation of instrutsen
performances is contained in the measurement w@icsrt
Consequently pressure drop has no effect on theraxg of
MFC2 for a pressure drop higher than 100 Pa.

Operation stability: The relative standard deviation of
flow rate measurements has shown a normal disimifbut
For each interval length, i.e., observation time thge
maximum observed value and the 98th percentilehef t
distribution of the relative standard deviation @&aleen
calculated to evaluate the flow rate random valitgbV/%
as a measure of the operation stability. Figuregrts the
operation stability vs. the observation time t,défferent
mass flow rates F (10%, 50% and 90% f.s. for MFd B2D0%
f.s. for MFC2).
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Fig. 3. MFC random variability of the control

V% = [0.14 In(t) + 0.93] In(F) + 0.65 In(t) + 4.343
1)

MFC2 at 100% f.s. has the same nominal flow rate of
MFC1 at 10% f.s. but MFC2 has shown an operation
stability around 0.2% versus 2% of MFC1 at the sflow
rate. MFC1 and 2 flow rate variability is lower ththe flow
target uncertainty of 0.1 — 0.2% only around th®%0of
full scale.

MFC uncertainty: The uncertainty of flow rate is the
combination of calibration uncertainty and openatio
stability. Following GUM, they can be combined de t
quadratic sum of the two contributions. As previgus
discussed, no pressure effects on MFC accuracybbes
considered.
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Fig. 4. MFC1 combined uncertainty u(F)

In figure 4, the MCF1 combined uncertainty u(F) is
reported as a function of the operation time t afnthe mass
flow rate F from MFC [% f.s.]. Calibration unceméy gives
a constant contribution on the whole ranges, wraledom
variability gives a variable contribution expresseyl the
square of equation 1.

The grey plateau is at the target uncertainty (0,2
target uncertainty is guarantee for flow ratesdatyan 70%
and observation times larger than 5 minutes.

The accuracy threshold is derived from the traaeabl
MFC calibration (time and flow range — invarianthaeve is
considered to calibrate the instrument before azsh (in

Maximum and 98th percentile had similar values wherorder to eliminate the calibration long term stipil

the number of interval is low, but when the numioér
interval is larger than 2-300 the 98th percentdeniore
representative than the maximum of the effectiviatdlity.
The flow rate random variability slightly decreasessthe
operation time is longer for all the MFCs at eaeh ®int.
This means that the longer is the operation tinee|dwer
may be the expected mixture concentration varigbili
Flow rate variability V% is minimal at the full deaand

approach the 3% at the 10% of the full scale. Rando

variability has been found to be a logarithmic fiiwre of the
observation time t and mass flow rate F, as regoite
equation (1).

contribution).

It can be shown that the evaluated MFC flow undetya
results strongly dependent on the MFC range (%dusd) on
the time at lower flows. This totally reflect thehavior of
the operation stability which represent the dominan
contribution to the total MFC uncertainty.



4. CONCLUSION

In this paper MFC performances have
experimentally investigated to verify their use dpnamic
gas dilutors.

From the calibration stability results it has besdown
that a normal MFC needs to be re-calibrated bedackafter
each use to guarantee the uncertainty requirenoeni!@C
reference mixture generation. This suggests to igeoa
handheld flow transfer standard that can be usémdeach
generation. Alternatively, gas control system basedixed
flow element can be employed due to the easiebredion
procedure.

It is not possible to state a systematic pressiieeteon
the provided mass flow accuracy of the low pressingp
MFC, in a inlet pressure range from 100 to 4500 Has
means that, in order to not perturb the VOC mamss ftom
the generator, is possible to construct a dilutih wa limit
pressure in the first dilution lineup down to 108. A his
allows to miniaturized the VOC generation systenthva
little design pressure loss.

In this paper a method for the evaluation of theQVIF

operation stability over time has been proposee. hikthod,
through 98th percentile calculations, allows a eowstive

operation period from 1 minute to 100 minutes. Belb
minute, the maximum deviation estimator seems tabee
conservative. It has been found a MFC operatiohilgta
strongly flow-dependent and time-dependent at Idloevs.
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(5]
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(7]
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evaluation of the maximum observed flow variatiam i

9]

From the investigated MFC performances, a method fo

MFC uncertainty evaluation has been proposed tlirdabg
guadratic combination of the traceable
calibration result and the operation stability meed. As a
result it has been found that the accuracy of theleyed
MFC flow results to be limited by the flow operatio
stability at lower flows. Instead for higher flowthe
operation stability is of the same order of thed8.INRIM
calibration uncertainty.

The reported target uncertainties for the dilutamflow
required for VOC dynamic mixture generation in dyna

dilutors has been calculated to be 0.1% for a marro
temperature control generation and 0.2% for a broa

temperature control generation. These target umio#igs
can be guarantee by MFC in dynamic dilutors if ¢hiew
control
generation and if a set-point higher than 70%sfssed and
for a generation time larger than 5 min. Othenviigaeay be
oriented to more stable flow control systems, égsed on
fixed flow elements.

[10]
instrument
[11

(12]

(13]

fay

systems are calibrated before each mixture
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