15" Flow Measurement Conference (FLOMEKO) October 13-15, 2010 Taipei, Taiwan

Laminar Flow Element Type Flow M eter
with Straight Glass Capillary

Chih-Cheng Feng, Win-Ti Lin, Cheng-Tsair Yang,
Center for Measurement Standards / Industrial ieldyy Research Institute
No.30, Ta Hsueh Rd., Hsinchu, Taiwan 30080
Tel: +886-3-5741204 / Fax: +886-3-5710335 / e-r@diFeng@itri.org.tw

Abstract: Center for Measurement Standards (CMS) developachimar flow element
(LFE) type flow meter as a transfer standard. T#& consists of a single straight
glass capillary or multiple straight glass capi#tarconnected in parallel. Two gauges
and one thermometer measured the inlet/outlet pressnd inlet temperature,
respectively, and the differential pressure wasricted from 2 kPa to 100 kPa. The
glass capillaries were manufactured by laser maainmesulting in consistent inner
diameter and straight flow path. Characteristicglaiss material also prevented the
capillary from bending during installation. By meaof regression, the turndown ratio
of this LFE flow meter could be higher than 20 d@hed residual would be still within
0.11 %. The reproducibility within 0.03 % indicatdtht this LFE flow meter can be
used as a transfer standard. Measurement withiddgmonstrated that these four LFE
meter could span the flow rate at (0.8 to 9@@)ol/s within the deviation of £0.15 %.
(1 umol/s could be converted as 1.3%min at 0°C and 101.325 kPadditional
measurement with nitrogen demonstrated the fe#gibil measurement with multiple
gases.
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1. Introduction

This article describe Center for Measurement Stalsd@CMS) developed the laminar flow
element (LFE) flow meter for gas flow below 985ol/s, i.e. converted flowrate below 1280
sccm at 0C  and 101.325 kRa reference condition. The LFE comprise straiggms capillary,
two pressure gauges and a thermometer. Two gaugsungethe inlet and outlet pressure of the
LFE and a thermometer monitor the inlet temperatArélydrodynamic model determines the
flow rate fromP,, Ty, P, and gas properties.

This LFE flow meter could be a portable transfeandgiard. Flow comparisons between
laboratories are used to demonstrate equivaleradiglate uncertainty analyses, and support fair
trade. Critical flow venturis (CFVs) are used as flaw transfer standards. As the flow below 1
L/min, CFVs become difficult to manufacture. Theugement for ISO 9300 nozzle shape and
small throat in this range is challenging for wdrps. On the other hand, LFE type flow meter
performs best at low flow rates. Consequently, Gii8se LFE flow meter as a transfer standard
model.

Wright et all listed some features of transfer standards, angpaced the difference of CFVs
and LFE, gave a suggestion that reproducibilityldselow 0.05 %. With the use of long curved
capillaries, Ber§™ developed a LFE flow meter and the physical medelredict the flow rate
based on pressure and temperature measuremennefbewas then used as a transfer standard
[4]. The difficulty lies in bending the long capitly and maintaining the curvature precisely at the
same time. Constrained by the resource and catyabiliworkshops, straight capillary was
adopted.
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Spanning the described flow rage required four fidaments design (see Table.Hach flow
element comprised either a single capillary or aayaof parallel capillaries, and the value for
inner diameter ID was chosen to minimize the dest shown in Fig. 1. Fig. 2 showed results

for Nitrogen and air flowing through the LFE. Withe use of gas properties correctly, CMS LFE
flow meter could keep the deviation of flow ratehim +0.15 %.

The spec for this LFE flow meter included the twwad ratio higher than 20, and total length
of the meter less than 30 cm. The reproducibilitg eepeatability of this LFE was evaluated. A

means of expending the flow rate were studied. ftnesical modéf was then modified with
regression to meet the expected spec.

Table. 1 Characteristic of the four Laminar Flow Element flow meter

Laminar flow element

CMS-0.1- CMS-0.2- CMS-0.25- CMS-0.3-
50-1 100-1 125-3 150-7

Range of flow rate n‘

) 0.8to 155 4to57.7 26.5t0237 77.5t0986 pumol/s
(dry air)
Capillary inner 100 200 252 300 um
diameter
Capillary length L 50 100 125 150 mm
capillaries in N 1 1 3 - i
parallel
o 0.10%
=
>§ oo . A, m| ®CMs-0.30-150-7
. * - J—r
= ’ o M mAS gl | +CMS-0.10-50-1
% 0.10% CMS-0.20-100-1
< *
ACMS-0.25-125-3
_OQODA:. ] ] ] ]
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flowrate (pmol/s)

FIG. 1 Deviations of the flowrate indicated the difference between four flow elements (see Table.
1) and Piston Prover as a primary standard through dry air gas flow.
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Fig. 2 Normalized deviations of the indicated flowrate in the CMS-0.30-150-7 from that
measured with the Piston Prover primary standard.

2. Principal and experiment

2.1 Materials and appar atuses

The flow meter used a single straight capillaryradtiple straight glass capillaries connected
in parallel as the LFE. The pressure and temperatere measured to determine the flow rate.
The pressure gage used in this study was mensorZ5BG (two channels) with a full range of

300 kPa absolute pressure and 1 Pa resolution3-T¥iee Pt 100 type thermometer was custom-
made with a resolution of 0.0¢

The differential pressure of the LFE used was aeigo be within the range of 2 kPa to 100
kPa. These pressure gauges were tared at zeradtevbefore conducting the experiments. This
is especially important when the pressure diffeeeiscdown to 2 kPa where each 1 Pa variation
in the differential pressure measurement would €85 % difference in flow rate calculation,
and, as a result zero-drifting effect becomes fignt.

Fig. 3 illustrated the CMS’s LFE flow meter systatrsmall flowrate and large flowrate. When
the flowrate at the range of (0.02 to @)mol/s, CMS used single capillary as shown in F{@)3
(i.,e. CMS-0.1-50-1, CMS-0.2-100-1 listed in Tab)eWhen the flowrate was larger then 0.87

mol/s, CMS installed parallel capillaries to expahd usage of flowrate as shown in Fig.3 (b)
(i.e. CMS-0.25-125-3, CMS-0.3-150-7 listed in Tab)e

N strai ight capillaries

i ;'
in parallel

Laminar flow element for small flows Laminar fiow element for large flows

(a) attherange of (0.02to 3) ~mol/s (b) at the range of (0.87 to 50) «~mol/s
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Fig. 3 lllustration of LFE flow meter systemwith capillary

P;, T1, andP, were installed on stainless steel block whichgset reservoirs. Capillary would
be installed in another stainless steel block lslder. At this paper, we analyzed three different
kinds of capillaries. Glass capillary was fabricatey precision laser machining with inner
diameter uniformity of 2um. PEEKSsil capillary was polymer-sheathed fuseidaiiubing with an
inner diameter uniformity of am. Stainless steel capillary was machine cut anhighgl at each
end, and finalized the tubing preparation proceis advameter uniformity of 2m.

2.2 Hydrodynamic model
The physical model to predict flow rafgwas adopted from Berg et'@lwith the omission of
the compensation for centrifugal effect, as shoelow.

R (R -R))

n=""-g—~L 2’ [1+Cg (1)
16 LR (T 0)
: RgasErl
QactuaI: n P [Zl (2)
o= h ©)
ZleasT ZngasTr
Q ==t |z @
r T T r
Re: 2><(gactual>< p(T' Pl) (5)
RLU(T 0)

WhereP; is the upstream pressuf®, is the downstream pressuR,is the reference pressure
at 101.325 kParl; is the inlet temperaturd; is the reference temperature at 273.13 Ks the
total length of capillaryR is the capillary radius, fsis the universal gas constantis the gas
viscosity,u is the gas dynamic viscosit¢s is the corrections include gas’s non idealityp slt
capillary walls, entrance effect, gas expansionthan velocity distribution, and thermal effect
within the capillary Q; is the flow rate at reference condition at 27313.01.325 kPaQactual IS
the flow rate aP, andT;; Z; is the compressibility factor &; andTy; Z. is the compressibility
factor at reference condition & and T,. The gas could be dry air, nitrogen at different
evaluations. The flow rate,@ould be obtained by substituting equations (d) and (3) into (4),
andReis Reynolds number.

2.3 1D conformability of capillary

AQ - Qnormtolerance_ Qnom
Qnom Qnom
WhereQnom is the nominal flow rateQnom+tolerancelS the nominal flow rate with maximum

tolerance effect/\Q is the difference betweeQnom and Qnom-+tolerance all the flow rate in this
eqguation were at reference condition.

©)

From nominal inner diametetQnom) andL, we could calculat€,,m which might deviate
from the measured real flow due to intrinsic emesulted from the manufacturing tolerance of
the capillary. Conversely, we could calculate thetual inner diameteriDacwa) from the
experiment data and compare with the nominal iciiemneter (D) to see how well the capillary
conforms to its specificationQnom+tolerance COUld be calculated from the sum Wd,,m and

4
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tolerance. The ratio of\Q overQnom could show the error of flow rate with maximumei@nce
induced.

MF = Qstandard (7)
Q

WhereMF is Meter factorQq.n.sadS the working standard flowrate, is the calculated flow rate.

3. Results
3.1 LFE performance

The CMS LFE performance was shown in Fig. 1, @nadd apply in different kind of gas flow
as shown in Fig. 2 within the flowrate deviationt®.15 %

3.2 1D conformability of capillary

Table. 2 gave the manufacturer specifications amdsarement performance of capillaries
made with different materials. One can see thatlsts steel capillary would potentially result in
+ 72 % error in determining flow rate. On the othand, PEEKSsil and glass would possibly lead
to £14 % error. The range tD,cafor each lot also showed glass capillary conforongs spec
best. Therefore, we would not recommend the uskeeo$tainless steel capillary.

Table. 2 Specifications and conformability of capillaries made with different materials

Material IDnor(um) | Tolerancefim) (£Q)/Qnon(%0) | Dactua(tm)
P%Egs” 150 +5 +14 152.7 - 154.0
PEDEES” 150 +5 +14 151.4 - 151.9
GlassAB.CD| 100 +3 +13 102.7 - 103.3
Glass AB.CD| 252 +2 +3 252.6 — 253.5
stainless 175 +25 +72 188.4

3.2 Repeatability and reproducibility

The repeatability was evaluated by measuring flat@ from 1 sccm to 1000 sccm with LFM.
Comparing the value of MF, the maximum variatiorVi# is within 0.02 %. The reproducibility
was conducted in different days. The evaluation e@se by measuring flow rates from 1 sccm
to 1000 sccm with LFM. The MF variation would bethin 0.03%.

3.3 Capillary performance
Glass and PEEKsil as the flow range from 20 sccB84t@ sccm with 20Q@m (ID) x 100 mm
(L) were compared. The performance of these twdlaapfitted very well. Thus the PEEKSIl

were used for evaluating the case as below thas glapillary didn't fabricate.

The flow rate could be expanded by changingnd ID. Table. 3 compared the PEEKSI
capillary of 150um (ID) but in different total length. By changing. from 5 cm to 10 cm, we
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could double the flow rate. Another BtID = 500 as shown in Table. 3, changing a glass
capillary from 100um (ID) x 50 mm [) to 200pum (ID) x 100 mm L), which resulted in a
expansion of flow rate. However, the total lengthih® meter less than 30 cm confined the L of
capillary. Moreover, bundling multiple capillariean easily expand the capacity of the flow
meter.

Table. 3 Compare the same ID but different L on LFE of PEEKSi| capillary(white), and L/ID =
500 with different L and ID for glass capillary(gray)

ID(um) | L(mm) L/ID Re ZAMF*100 Lentrance/ L(%)
150 100 667 26 to 248 0.09 0.2t02.2
150 50 333 48t0 476 0.44 0.9ro08.6
200 100 500 37 to 365 0.09 0.1lto4.4
100 50 500 16 to 164 0.18 0.2t02.1

4. Discussion

4.1 suitableL/ID ratio

Table. 3 showed\MF is small whileL/ID is more than or equal to 500. The reason might be
because of maximum entrance length divided by kebgs smaller than 8.6 %. AD = 150um
and L= 50 mm, entrance effect would be bigger thitner condition as Table 2 shown. Therefore,
the equation (4) could predict flow rate more catigeat L/ID > 500, and the variation of meter
factor would be small.

4.2 equivalent capillary radius

> Q =nxQ, )
YR
Ro=| - ®)

WhereQ; is the flow rate at reference conditionitif capillary,Qeq is equivalent flow rate at

n
reference conditionZQI is the summation of each capillary flow raRgjs capillary radiusof
1

ith capillary,Reqis equivalent capillary radius.

As mentioned before, we could expand the flow gteonnected the capillary in parallel. In
order to design holder, maximum flow rate, and ceosuitable working standard in advance,
equation (7) and (8) were adapted. The total flate mwould be estimated more accurately by
equivalent flow rate than by summation of each lpiflow rate beforehand.

MF, =a+b[Q +c[@Q’ (9)

e=MF, - MF (20)
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WhereQ is flow rate at reference condition, a, bjscthe regression constant of the capillary,
MF. is estimated value of MIg,is residual.

The theory modé fits best atRe smaller than 500. The equations (1) to (4) camse for
curved capillary. However, for straight capillany this study, some factors, such as entrance
effect, might not be fully compensated. With 2ndesrpolynomial regression ®fiF and flow
rate, equation (9) could fit the full flow regioreny well. Equation (10) showed the difference
between regressioNF and experimenMF. With these two equations, we could extend the
turndown ratio higher than 20 and keep the residithin 0.11 % at the same time. (see Table.4)
Moreover, Re greater than 500 could be used in LFE.

Table. 4 polynomial regressions for all capillaries enlarge the predictable flow range and
turndown ratio

Material (L?n) L(mm) Q(umol/s) e Turrr;(;li(())wn
200 100 1.54 to 64.7 0.10% 42
glass 252 53 3.8510 76.2 0.08% 20
100 50 0.85t0 43.5 0.06% 51

5. Conclusion

This LFE flow meter demonstrated the measuremegraaity below 100@umol/s within
deviation of £0.15 %, turndown ratio higher thana2@l total length of flow meter less than 30
cm simultaneously. One thermometer and two presguges measured the inlet temperature
and inlet/outlet pressure, and the differentiabpuge was restricted from 2 kPa to 100 kPa. With
the use of equivalent flow rate and 2nd order paiyial regression of MF and flow rate, the
usable turndown ratio could be higher than 20,thedsariation of residual is still below 0.11 %.
By bundling multiple capillaries, the capacity bétflow meter would expand. Precision
fabricated glass capillary were used for prevenitiegding during installation. The
reproducibility is within 0.02 %, and repeatabilisywithin 0.03 % showed LFE flow meter
could be a transfer standard. The feasibility oftiple gas measurement was demonstrated, and
the deviation of flowrate of air and nitrogen wéh within 0.05%.

The future work would validate sensitivity of thid~E flow meter to temperature, back
pressure, and performance under different gaseb,agslioxygen, hydrogen etc.
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