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Cahbratmg flowmeters
for use in measuring
contamination in high-
purity process liquids

A correlation procedure helps predict calibration
curves for flowmeters used in assessing particle

and Jeffery S. Franz, Futurestar

he elearing and etching processes
used to manufacture semiconductor
microcircuils require numerous steps
employing a variety of hazardous liquid
process chemicals. Many of these steps

cancenrmﬁans in UHP cham:cﬂls

are adversely affecred by the high levels
of particulate contamination typically
found in liquid chemicals, Particle con-
tamination in these chemicals is usu-
ally measured using optical particle
counters that report particle concentra-
tion as the number of particles per unit
volume (traditionally, particles per
milliliter or per liter). The accuracy of
the particle concentration depends on
accurately measuring the flow of the
liquid chemical through the particle
counter. Float-type variable-area fow-
meters are often nsed to measure the
flow rate, Because of the corrosive na-
ture of semiconductor process ligquids,
the flowmeter body and float must be
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made of Teflon PEA or another inert
material.

Ldeally, since a flowmeter’s calibra-
tion depends on the physical proper-
ties of the liquid flowing through it,
each meter should be cal-
ibrated in cach process
liquid. However, flow-
meler manufacturers orp-
ically supply a calibration
for water only, so the user
must recalibrate the flow-
meter for each specific liquid chemical,
Such recalibrations are hazardous, time-
consuming, and expensive. The purpose
of the study reported herein was to
derive a correlation thar allows a cali-
bration curve o be developed for a par-
ticular flowmeter if the density and vis-
cosity of the liquid are known. This
study does not attempt to mathemati-
cally solve the complex houndary-layer
problem in variable-area flowmeters
using fundamental fluid mechanics
principles. Due to the wide varicty of
flowmeter and float designs, any attempt
1o derive a complete solution would re-
quire too many assumptions and ap-
proximations to be of practical use.
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Figure 1: Simplified schematic of a float-type variable-area
flowmeter.

Theoretical Background

Float-type variable-area flowmeters consist of a vertical,
linearly tapered tube, with the smaller-diameter end at the
battom, through which the fluid flows upward (Figure 1). The
float is slightly narrower than the lower end of the tube and
rests at the bottom of the tube when there is no fow. The float
can move vertically, exposing a variable area between itself
and the walls of the tapered tube. In response to the liguid
flow rate, a position is reached where the weight of the finat,
less its buoyancy in the liquid, is balanced by the inertial and
drag forces of the fluid acting on the foat. Flow rate is indi-
cated by the position of the loat’s reading edge against a scale
on the mbe.

The term float-type describes those variable geometry deviees
in which the external force is provided wholly by gravity. In
order to operate correctly, these devices must remain vertical.
Dimensional analysis has been vsed to derive an equation for
the flow rate {g) for variable-area Bowmeters! (Equation 1):
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In Equation 1, Dy (largest float diameter), F {restoring force
lending to zero the Aoat), and p (Huid density) are constant for
any one lowmeter. For a given liquid-flowmeter pair, C (sim-
plified flow parameter) varies primarily with the float eleva-
tion in the tube and F {fluid viscosity) is a constant. When
measuring the flow of incompressible liquids, Cis a function
of N {viscosity parameter ], where N is defined by Equation 2:
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The complete working data for a particular variable-area
flowmeter for incompressible liquid flow consist of a family of
curves of C versus N, each curve representing a particular

value of scale reading as a function of N.

The equations given thus far are applicable to any variahle-
area flowmeter, regardless of the nature of the external restor-
ing force atternpting to move the float toward zero, In the case
of float-type variable-area meters, which employ gravity for
the restoring force, the influence of fluid density in buoying the
Hoat must be considered. The value for F is therefore deter-
mined by Equation 3:
where g is acceleration of gravity, M, the mass of float, and
Py the density of float.

The working equations for C and M, applicable to thase

variable-zrea flowmeters employing float shapes within pre-
scribed limits, are subsequently defined as Equations 4 and 5:
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In order to increase the accuracy of predicting lowmeter
performance for a liquid of known density and viscosity, we
have chosen to establish the flow characteristics for individy-
al flowmeters, rather than for a family of like meters. The eval-
uation of individual flowmeters eliminates the need to deter-
mipe the flowmeter dimensions of Dy, f, (dimension of float
bedy), and f; (dimension of bore of fluat guide}, and allows a
modified form of the flow parameter (€3,,) 1o be defined as fol-

lowrs in Equation &:

Cp = CDefy, T
Thus Equation 4 becomes Equation 7:
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Experimental Methods

Mine flowmeters (Pathfinder, Odyssey series, Futurestar,
Edina, MN} were wsed in this study. Flow rates with ultrapure
water (UPW) ranged from 20 ml/min to approximataly 25
Limin, with float weights varying from 1 to 140 g and float
densities ranging from 2 to 12 gfem3, Floats were made from
either Teflon or metal encapsulated with Teflon. The flow-
meters were mounted vertically in test stands.

The following electronic-grade chemicals, representing a
wide range of liquid densities and viscosities, were used:

+ High-purity deionized (1) water.
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+ 96% sulfuric acid.

* 5% phosphoric acid.

+ T0% nitric acid,

+ 37% hydrochloric acid.

+ 29% ammonium hydroxide,
* lsopropyl aleohol [IPA).

= Acetone,

A 15-L Teflon-lined pressure tank was employed to dis-
pense all chemicals except UPW, For UPW, the flowmeter test
stands were connected directly to a UPW supply and Aushed
to drain. Process chemicals were collected downstream froem
the flowmeter test stands and poured back into the 15-L tank.

We used a graduated cylinder and stopwatch for evaluating
flowmeter performance. A process chemical was loaded into
the pressure tank, the lid was closed, and the tank was pres-
surized with clean, dried, and filtered nitrogen. Each meter on
the test stand had an integral needle valve that allowed the
float to be set at a chosen mark. The graduated cylinder was
placed in the liquid chemical stream and the stopwatch start-
ed simultancously. After sufficient time had elapsed, the grad-
uated cylinder was removed and the watch stopped. Liquid
volume, time, and flowmeter mark were all recarded. All even-
number flowmeter marks were evaluated in this manner
whenever there was enough liquid chemical flow. Each
fowmeter mark was measured two or three times and the av-
erage value was recorded. The temperature of each chemical
was recorded, since we anticipated that meter performance
would depend on viscosity, which in tarn would depend on
temperature. The density of each chemical was also measured,
Those chemical and physical properties are listed in Table 1.

Observed Flowmeter Performance

Equation 1 predicts a linear relationship between flow rate
and equidistant flow marks. Asa general rule this proved to be
the case, but not for all the liquid chemicals or flow rates. Fig-
ure 2 shows typical plots of low rate versus flow mark for the
chemicals tested,

Regression analysis was used to determine the degree of fit
and to identify any gross errors in the data collection. The
general form for a second-order regression equation is:

y=by+ b+ byt

where y equals the flow rate, x equals the flow mark, and i, Fry,
and b are the regression coefficients. In a first-order regression
the term b,x? = 0 and drops out. The regression coefficients
can be utilized to predict flow rates at flow marks that were not
used during testing. A regression analysis also provides a value
for the correlation coefficient. A value of 1 indicates a perfect
fit, whereas a valne of 0 indicates no relationsh ip between pa-
rameters. For the range of flowmeters tested, all but one had
a correlation coefficient >0.99, indicating that very pood cor-
relations were obtained.

In general, a steaight-line, first-order regression plot could
be adequately fitted for the chemicals { Figure 2a), except for

sulfuric and phosphoric acids. However, the lower the faw
rate was, the less linear the plot. In the case of sulfuric and
phosphoric acids, a second-order regression cu rve-fitting rou.
tine was needed to fit curves to the data [Figure 2b). For oneg
particular low-flow-rate meter this generalization did not hold
true, and second-order regression analvsis had to be used 1o
adequately fit the data for all liquid chemicals [Figure 3],

FLOW RATE (ml/min) -

(b}

FLOW RATE {ml /min]

Figure 2: Flowmeter calibration curves in several chemi-
cals with a variety of physical properties.
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Predicted Flowmeter Performance

A regression analysis of the raw data showed that the col-
lection method produced consistent and reliable results. These
results were then used to predict flowmeter performance for
liquid chemicals other than those tested,

The eight chemicals chosen for this study provide a wide
range of densities and viscosities. The validity of the suggestion
that a family of curves of the modified flow parameter ¢, ver-
sus the viscosity parameter N {with each curve representing a
particular value of scale reading) will provide complete cali-
bration can be tested,

Using Equation 7 to calculate C,, and Equation 5 to calcu-
late N, a series of curves was plotted for each flowmeter at the
measured scale mark. Figure 4 depicts an example of a family
of such curves for a typical meter. Standard regression analy-
sis proved inadequate to it curves to the data. Instead a logis-
tic dose response equation was chosen, The general form of
this equation is:

b
¥=a + —-—-T
X
[+
where a, b, ¢, and d are the curve-fitting coefficients.

Substituting for y = C,and x = N gives the following squa-
tions (known as Equation 8):
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All flowmeters tested indicated that C,, rises with increas-
ing N. The rate of change is rapid for small values of N and
slow for large N values. The curves show the expected prop-
erties of asymptotically approaching a constant flow value at

For the flowmeters tested, the
modified flow parameter rose
with increases in the viscosity
parameters, changing rapidly
at lower viscosity values.

higher values of N and a sharp drop-off at lower values of both
Nand C. Depending on flowmeter design, the drop-off can
become steeper as the flow-viscosity parameter decreases, as
shown in Figures 5 and 6,

Figures 4-6 indicate that flowmeter performance can be
highly viscosity dependent. For example, Figure 4 indicates
that the modified flow parameter at Mark 4 varies from 20

Figure 4: Typical correlation between the viscosity para-
meter (N) and the modified fow parameter (C,_).
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for a viscosity parameter of 10,000, 0 0.5 for a viscosity pa-
rameter of 40. Hence, if density and viscosity corrections are
not taken into account, the flow rate will be off by a factor of
4. Obwiously, viscosity corrections are needed to obtain ac-
curate flowmeter calibration curves.

The curves depicted in Figures 46 represent the complete
calibration, over the range of viscosities tested, referred to pre-
viously.! The only unknown is the flow rate corresponding to

The flow rate corresponding
to a particular flow mark for
a liquid chemical of known
density and viscosity can be
calculated using the logistic
dose response equation.

the flow mark. The flow rate corresponding to a particular
flow mark on any of the flowmeters tested for a liquid chem-
ical of known density and viscosity can be calculated by sub-
stituting the appropriate values into Equation 8,

Error Analysis

Figure 7 presents the deviations between the cxperimental
data and the flow rate predicted by the correlations, as a func-
tion of the viscosity parameter, The figure was prepared using
data from all of the flowmeters tested. The error bars associ-
ated with each point represent the 95% confidence limit of

=
-

the error ata given value of N. The two curves shown in the fig-
ure represent mathematical fits of the mean and g50;, upper
confidence limits,

Figure 7 indicates that the error decreases with an increasing
viscosity parameter. This trend is expected since Figures 4-6
indicate that small changes in the viscosity parameter have a
large influence on the flow parameter for small values of N,
while the effect is much smaller for large values of N, The
average error is <10% for viscosity parameters > 150, and the
#5% upper confidence limit error is <10% for viscosity pa-
rameters =900, The error increases rapidly for viscosity
parameters <100,
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Figure 6: Example of a correlation with a rapid change in
Co it low N values,

FRECISION ERROR (%)

Figure 5: Example of a correlation with a high-dependence
of C, onN.

Figure 7: Predictive accuracy of the correlation as a func-
tion of N.
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Conclusion

A Howmeter's ealibration depends on the density and vis-
msit}' of the liquid being measured. A ]argc: difference in |,"|q_-
uid physical properties can result in large differences in flow
rate at a given flowmeter mark. For example, the flow rate for
chemicals like acetone [low density and low viseosity) can be
=4{) times the rate of phosphoric acid (high density and high
viscosity) at the same mark. The flowmeter calibration in dif-
ferent liquids can be predicted using a vimsity parameter,
which is a function of the physical properties of the liquid and
the flowmeter float. For high-viscosity fluids, the calibration
curve was found to be highly dependent on fluid density and
viscosity. For low-viscosity fluids, the calibration was highly de-
pendent on the fluid density but less dependent on the fluid
viscosity. The correlation procedure used in this article was
shown to predict calibration curves (or the lowmeters in-
cluded in this evaluation within 10% [(with 95% confidence
limits), when the viscosity parameter N was =900, The error
increases with a decreasing viscosity parameter.
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