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Abstract

In this paper a proof of principle is demonstrated for a primary standard/nanoflow generator
developed at the VSL (Van Swinden Laboratorium, The Netherlands). The ultimate goal of the
research carried out at the VSL is to develop primary standards for liquid volume flows down
to a few nanoliters per minute on the basis of sound traceability and low uncertainty. The
nanoflow generator discussed in this paper is a first step in that direction and can generate
flows in suction and discharge mode. The uncertainty of the generated flow is approximately
0.1% (2 s) relative at best. The flow generating process is based on the control of
thermodynamic expansion of a driver liquid mass, whereas traceability is based upon volume
transfer and conservation of mass (dynamic displacement principle).
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(Some figures in this article are in colour only in the electronic version)

1. Introduction

Over the last decade, micro- and nanoflows have been
appearing more frequently in various applications.  For
example, micro- and nanoflows appear in the fields of
life science and technology [1], automotive [2], lab-on-
a-chip, (near) vacuum metrology [3-6] and micro- and
nanotechnology. Furthermore, micro/nanoflows appear more
frequently in the medical world, for example in pain control
pumps and possibly in under-the-skin implants for patient
medicine supply in the near future. It is only a matter of time
before other applications appear, and inherently the call for a
sound traceability in the micro-nanoflow regime will emerge.

The ultimate goal with respect to a sound traceability
is to have a primary standard to measure a certain fluid
based on a single molecule counter (SMC). Although
the realization of a SMC flowmeter is still beyond the
horizon, progress is being made in the micro- and nanoflow
regime. Recent research covers flowmeters and/or generators
based on classic reciprocating displacement micro pumps,
piezoelectrically driven reciprocating displacement micro
pumps and dynamic micro pumps based on electromagnetic
fields [7]. Furthermore, very small flow rates can be achieved
with micro/nano dispensing based on the inkjet technology.
In [1] a micro dispensing system is developed to be used in
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biotechnology which is able to dispense 50 il volume samples
with a covariance of 0.84 and 5 ul volume samples with a
covariance of 2.7. Furthermore, in commercially available
printers droplets of around 5 pl can be accurately created at
frequencies ranging from 10 to 30kHz [8]. However, these
flowmeters/flowgenerators are not straightforward to use as a
primary standard in the nanoflow regime. More importantly,
these devices do not yet possess a sound traceability.

Therefore, the goal of the research carried out in the
VSL (Van Swinden Laboratorium), Delft, The Netherlands,
is to develop a relatively simple and straightforward primary
standard /flowgenerator in the nanoflow regime with a sound
traceability and low uncertainty. The goal of this paper
is to demonstrate a proof of principle for a primary
standard/nanoflow generator recently developed [9]. The
principle of the primary standard/nanoflow generator is based
upon the working principle of an ordinary liquid-in-glass
thermometer. The difference from an ordinary thermometer
is, however, a controlled temperature gradient which results
in a known expansion of a liquid: the driving force for a fluid
flow of interest (assuming that the ‘thermometer’ is open).
The known volume rate can be used to calibrate very small
flowmeters.

This paper is organized as follows. In section 2 we
discuss the nanoflow generator. In this section we discuss

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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the working principle, a theoretical model and the realization
of the prototype. In section 3 we discuss the uncertainty and
rangeability of the nanoflow generator. Next, in section 4,
we discuss the preliminary results achieved with the nanoflow
generator which demonstrates the proof of principle. Finally,
in section 5 the conclusions are drawn and future work is
discussed.

2. Nanoflow generator

In this section the nanoflow generator developed at VSL is
described in detail. In the following subsections, respectively,
the working principle is explained, a basic theoretical
framework is given and the realization of the prototype is
discussed.

2.1. Working principle

The basis of the nanoflow generator is a very small capillary
connected to a small reservoir of mercury, much like the
conventional liquid-in-glass thermometers. The difference
from an ordinary thermometer is that the capillary is open at
the top side in order to create an outlet/inlet for the generated
flow. The mercury, therefore, acts as a dynamic plunger to
drive the fluid which is in contact with the mercury. In this
proof of principle we will only consider the driving force
(expansion of mercury) and not the volume rate of the fluid
of interest (some liquid), which will be considered in future
work. Figure 1 shows an illustration of the working principle
of the nanoflow generator. The nanoflow generator is placed
in an actively controlled thermodynamic water bath to control
the temperature gradient and thus the flow rate.

The controlled thermodynamic water bath is placed in
an another controlled temperature bath to minimize heat
leakage. So far, the temperature in the water baths is controlled
by adding a constant heat flux through an electric heating
device, hence generating a constant temperature gradient.
The linearity of the temperature change in time is not a
strict prerequisite for getting a generated (traceable) reference
volume; however, for the generation of a constant out- or inflow
rate it is essential to have a constant temperature increase or
decrease.

2.2. Basic theoretical model

Because the working principle of the nanoflow generator is
nothing more than expansion of the mercury, we only need
to be able to describe the volume of mercury as a function of
time. The volume of the mercury is defined by

V(T) oD’ )]
where V(T) is the volume as a function of the temperature T’
(in °C), m is the mass of the mercury (constant) and p is the
density. The density of mercury for a given temperature is
given by [10]

Pref

p(T) = , 2

1+ A(T = Tyr) + B(T — Trer)’
where p is the reference density for Tif, A is the linear
volumetric expansion coefficient and B is the quadratic

Flow rate:
dV/dt =C*dT/dt

Figure 1. Working principle of the nanoflow generator: temperature
gradient (d7 /dt) results in a volume gradient (dV /dt), hence a fluid
flow. The figure shows the mercury reservoir connected to an open
capillary and an inner and outer controlled temperature bath.

volumetric expansion coefficient.
yields

Combining (1) and (2)

m

V(T) = — (1 + A(T — Trer) + B(T — Tier)?). 3)

ref

Asmentioned before, to demonstrate the proof of principle
of the nanoflow generator, we ensure a constant increase of the
temperature in time:

T(t) = Ty + kt, (€]

where T is the initial temperature, # is the time in seconds and
k is the temperature gradient. Combining (3) and (4) yields
the volume of mercury as a function of time:

V() = —— (1 + Akt + Ty — Treg) + B(kt + To — Trep)?). (5)

ref

The derivative of (5) with respect to time yields the flow rate
mk

ovie) = — (A +2Bkt + Ty — Tref)). 6)
ot Pref

Note that the effective flow rate will also depend on the
dilatation of the glass. However, because the volumetric
thermal expansion of glass is almost an order of magnitude
smaller than the volumetric expansion of mercury, the flow
rate due to the dilatation of glass is initially neglected. Future
work will include the effect of the glass dilatation on the flow
rate. Finally, the expansion of mercury due to the quadratic
term in temperature can also be neglected for the temperature
range that we consider (around room temperature). Hence, (6)

can be simplified to

Q) =

mkA
Q fr—
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(a)

Figure 2. Prototype of the nanoflow generator as developed by VSL. (a) Various nanoflow generators with different reservoirs but same
capillary diameter. (b) Relative size of the nanoflow generator. (c¢) Cross section of the nanoflow generator showing capillary.

In section 4 we show that this simple theoretical model
is sufficient to predict the flow rate. The design operating
conditions for the nanoflow generator are m = 0.034 g,
k = 0.0024°C s7',A = 1.81 x 107*°C~! and pf =
1.355 x 1072gmm~>. This leads to a generated flow rate
of 1.09 x 1072 nls~! (nanoliters per second).

Since the mercury is used to drive another fluid, the
net flow rate of the fluid of interest is also affected by the
temperature gradient. However, in this proof of principle we
will only consider the flow rate of mercury. Future work
will include investigations into the expansion of the fluid of
interest. Since the temperature gradient is accurately known,
the expansion of the fluid of interest can relatively easily be
corrected for. In future work we may also consider fixing the
temperature of the fluid of interest at a constant value, or using
more than one driver fluid with a relatively small volumetric
expansion coefficient for the fluid that is in contact with the
fluid of interest.

2.3. Realization of the prototype

We found a laboratory glassblower able to create the nanoflow
generator on the basis of a specified volume of the reservoir.
In figure 2(a) five different nanoflow generators are shown;
from left to right the reservoirs contain approximately
0.03483¢g,0.161 g, 1.064 g and 1.42 g mercury. The outer
diameter of the glass bar capillary is 4.0 mm and the diameter
of the capillary is approximately 5.1 x 10~2 mm. Figure 2(b)
gives an idea of the relative size of the smallest nanoflow
generator, whereas figure 2(c) gives an idea of the dimensions
of the capillary; note the small black dot of mercury in
the center of the magnified cross section of the nanoflow
generator.

In order to fill the nanoflow generators with mercury,
the nanoflow generators are evacuated and then placed upside
down in a bath of mercury. The net mass of mercury is obtained
by weighing the nanoflow generator before and after the filling
procedure. Note that because the mercury in the nanoflow
generator is exposed to the open air, some of the mercury will
evaporate. However, according to [11] the evaporation of a
drop of mercury of 0.2 g is approximately 1.5 x 107 gh~! at
room temperature, which compares to an evaporation rate of
3.1 x 1078 nls~!, which is only 0.0028% of the design flow
rate. Furthermore, because of the very small diameter of the
capillary (5.1 x 102 mm), only a fraction of the total mercury
is exposed to the open air, which results in an even smaller
evaporation rate. Hence, it is safe to neglect the evaporation
of mercury.

Figure 3. Nanoflow generator and controlled dynamic temperature
bath. Dots in the larger rectangles (purple) indicate the resistor
bridges, dots in the smallest rectangle (green) indicate the outside
glass bar containing the capillary, arrows (red) point to the
temperature sensors, except for the upper right arrow (green), which
points to the mercury reservoir.

The complete setup is shown in figure 3. One can
distinguish outer and inner thermodynamic temperature baths
which are heated by straightforward resistor bridges. The
arrows point to six NTC temperature sensors and the mercury
reservoir (green arrow at upper right). The smallest dotted
rectangle (green) indicates the outside of the glass bar and its
capillary outlet which is just above the water level.

The complete setup is placed in a temperature controlled
laboratory to further minimize heat leakage. In order to be
able to verify the constant temperature increase the water
bath is equipped with six NTC temperature sensors with a
resolution of 1 mK. We note that there may be a temperature
difference between the mercury and the water. However, this
is not a problem as long as the temperature of the mercury
increases constantly in time. Furthermore, we anticipate very
little temperature difference because the temperature in the
water bath is very gradually increased.

3. Rangeability and uncertainty

In this section the uncertainty and rangeability are,
respectively, discussed.
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(a)

Figure 4. Uncertainty balance for a nanoflow rate of 1.09 x 103 nls™!.

(0)
(@) Mercury mass is 3.4 x 1072 g. (b) Mercury mass is 5.0 x 1072 g.

Table 1. Estimated uncertainty in flow rate due to the uncertainties in operating conditions: ux is the estimated uncertainty, ‘sens.’ is the

sensitivity of the nanoflow with respect to the uncertain parameter, ‘ux

in Q’ is the estimated uncertainty in nanoflow rate. The first column

gives the design operating conditions, the last column gives the relative uncertainty in the flow rate.

Parameter  Value Unit ux (2s) sens. ux in Q Uncertainty (%)
mass Hg  0.034 g 4.00 x 1075 321 x 107> 1.28x107° 0.118

k 0.0024 °Cs~! 332x 107 454 x107* 1.51 x107° 0.139

A 1.81 x 1074 °Cc! 1.81 x 1078 6.02x 1073 1.09x 107" <O0.1

Pref 1.3546 x 1072 gmm™ 2.00 x 1075 148 x 107% 2.80x 1073  <0.1

3.1. Uncertainty

In this section the uncertainty of the generated nanoflow rate
is evaluated according to the recommended procedure in [12].
According to (7), the relevant parameters with respect to the
uncertainty in the flow rate are the mass of mercury (m),
the temperature gradient (k), the expansion factor of mercury
(A) and the reference density (prr). These uncertainties and
their influence on the flow rate are discussed in the following
subsections.

3.1.1. Uncertainty in the mercury mass. The uncertainty in
the mercury mass (Ampy) is 4.0 x 1079 g and is due to the
used differential mass determination of an empty and filled
capillary reservoir combination.

3.1.2.  Uncertainty in the temperature gradient. The
anticipated uncertainty in the temperature gradient is due to the
noise of the temperature sensors and nonlinear effects. The
uncertainty in the temperature gradient (Ak) is estimated at
3.32 x 1076 °Cs~! and is based on an uncertainty analysis of
the average slope of the dynamic temperature sensors around
the mercury reservoir, see section 4.1.

3.1.3.  Uncertainty in the material properties of mercury.
The uncertainty in A (AA) is 1.81 x 1073°C~!, see [10].
The uncertainty in the reference density (Apef) is 2.0 X
1073 gmm‘3, see [10].

3.1.4. Uncertainty in the flow rate. Next, the influence
of these uncertainties on the flow rate is determined. The
sensitivity of the flow rate is determined by the partial
derivatives of (7) with respect to the uncertain parameter. The

influence of the uncertainty on the flow rate is the product of
the sensitivity and the uncertainty. For example, the sensitivity
of the flow rate with respect to the mass of mercury is

90(t) kA

a’an Pref

@®)

The influence of the uncertainty in the mass of mercury on the
flow rate is, therefore,

d0(1)

8mHg

kA
—AmHg.
ref

®

mHg =

In table 1 the uncertainty, the sensitivity and the
uncertainty in the flow rate are given for the aforementioned
parameters. As expected, the mass of mercury and the
temperature gradient have the largest impact on the uncertainty
in the generated nanoflow. However, table 1 clearly reveals
that the impact of the various uncertainties on the flow rate
is rather small, i.e. of the order of 0.1% and lower. This
implies that the generated nanoflow is known with a very
small uncertainty. For mercury masses of 34 mg and 50 mg
the uncertainty balance is given in figure 4.

3.2. Rangeability

According to (7) the flow rate range of the nanoflow generator
depends on the mercury mass, the temperature gradient, the
thermal expansion coefficient of mercury and the reference
density. Since the latter two are material properties they cannot
be modified. Hence, there are two approaches to adjust the
flow rate of the nanoflow generator:

e adjusting the mercury mass;
e adjusting the dynamic temperature slope.
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Figure 5. Rangeability of the nanoflow generator. The solid lines from left to right are for increasing mercury mass (mass Hg).

Adjusting the mercury mass is not easy because each
nanoflow generator can only contain a certain amount of
mercury. The minimum mass of mercury is also limited to the
uncertainty level that can be achieved with the determination of
the mass. For example, the uncertainty for mass determination
at VSL for this application is 4 x 107 g (20'). Because the
smallest reservoir contains 0.034 g, the uncertainty starts to
dominate for even smaller reservoirs. Obviously, there is also
a maximum in order to avoid overflowing. Hence, in order
to adjust the flow rate by means of adjusting the mass of
mercury, one has to use a different reservoir and possibly a
different capillary.

The flow rate can also be adjusted by modifying the
temperature gradient. A larger temperature gradient results in
a larger flow rate. The maximum total volume flow, however,
remains limited to the length of the capillary. In figure 5 the
range of the nanoflow generator is given as a function of
the temperature gradient (k) and mercury mass (mass Hg).
The solid lines represent a flow rate for a certain temperature
gradient and mercury mass. The area between the dashed lines
indicates the range in which the nanoflow generator has low
uncertainty and is practical to apply.

4. Results

In this section the results obtained with the nanoflow generator
prototype are discussed. The goal of this section is to validate
the proof of principle claimed in the introduction. This
is accomplished by demonstrating a constant temperature
gradient and a constant flow rate in the next two sections,
respectively.

4.1. Constant temperature gradient

In order to determine the temperature gradient of the mercury
the reservoir is closely surrounded by five temperature sensors
(numbers 1, 2, 3, 4 and 6), whereas sensor number 5 is placed
a few centimeters away from the reservoir (see figure 3 for the

location of the various sensors, sensor number 5 is indicated by
the bottom arrow). In figure 6(a) the temperature as a function
of time and for the various temperature sensors is shown.
Following a least-squares approach a constant temperature
gradient is determined to be 0.0015°Cs™! = 5.4°Ch~!
(slightly lower than the design operating conditions).

Figure 6(b) shows the error made with respect to the
assumed constant temperature gradient. According to
figure 6(b) the largest error made is 5 x 10~ °C. Following
the recommendations taken from ISO/DIS 7066-1.2 [13], this
error amounts to an uncertainty of 3.32 x 107® °Cs~! (2 times
standard deviation).

4.2. Constant flow rate

Due to the lack of flowmeters in the nanoflow regime, the
nanoflow generator cannot yet be compared with other systems
by means of a calibration with a ‘traveling meter’. Therefore,
we have measured the mercury level as a function of time in
order to verify whether the theoretical flow rate is achieved.
These results are only qualitative because of a rather large
uncertainty in the diameter of the capillary (approximately
10%). However, when it is assumed that the capillary has a
constant diameter (fair assumption based on the specifications
of the laboratory glassblower), a constant velocity of the
mercury level demonstrates a constant flow rate.

The results discussed next are obtained for a flow rate of
1.65 x 1072 nl s~ ! which is achieved with my, = 1.064g, A =
1.81 x 107*°C™", pr = 1.355 x 107 2gmm~ and k =
0.00116 °Cs~!. In a similar way as discussed in section 3.1,
the uncertainty in the flow rate is determined to be 3.61 x
1073 nls™ !

In order to measure the mercury level as a function of time
we use microscope readings, illustrated in figure 7. This figure
shows two recordings of the level of the mercury (indicated by
the arrow). We define the zero-level for a zero length of the
arrow in figure 7. Next, figure 8(a) shows the traversed length
of the mercury level. Figure 8(b) shows the residual when
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Figure 6. Dynamic temperature of the water bath. (a) Temperature of the water bath according to the various thermometers. (b) Residual

for the assumption of a constant temperature gradient.

a constant expansion in time is assumed. From figure 8(b) it
follows that the assumption of a constant expansion is accurate
to 0.10 mm (maximum relative error is approximately 3%).
Hence, from figure 8 it can be concluded that the expansion
of the mercury is virtually constant in time, thus generating
a constant flow rate. From figure 8(a) the flow rate can be
deduced with

AL,

T

Omeasured = A_t T capillary - (10)

Filling in the unknowns in (10) yields a flow rate of
1.53 x 1072 nls~'. Compared to the predicted flow rate of
1.65x 1072 nl s~! this yields an error of 7.84%. This mismatch
between the theoretical and the observed flow rate is due to
the uncertainty in the capillary diameter (10%).

Note that the relatively large mismatch between the
observed and the theoretical flow rates does not mean a large
uncertainty in the flow rate. The uncertainty in the flow rate
(type B) is related to the mercury mass, temperature gradient,
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(a)

Figure 7. Two measurements of the mercury level. The arrow indicates relative traversed distance of the mercury level. (@) Mercury level at

(b)

a certain position in time. (b) Mercury level at the next position in time.
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Figure 8. (a) Level of the mercury and (b) residual with respect to an assumed constant expansion of mercury.

mercury expansion coefficient and mercury reference density.
The uncertainty in the flow rate is, however, not related to the
diameter of the capillary because the flow rate does not depend
on it. The observed ‘flow rate’ is, however, obviously related
to the capillary diameter.

5. Conclusions and future work

The goal of the research carried out at VSL is to develop
a relatively simple and straightforward to apply primary
standard/flowgenerator in the nanoflow regime with a sound
traceability and low uncertainty. This paper demonstrated a
proof of principle of a nanoflow generator down to a flow
rate of 1.09 x 103 nls~!. The nanoflow generator has a
straightforward working principle, a sound traceability chain
to SI units and a rather small uncertainty. The uncertainty is
determined to be approximately 0.1% (20), which is mainly
caused by the determination of the mass of mercury and
the temperature gradient. Comparison with other devices
or standards cannot yet be performed; however, a qualitative
comparison proved consistency.

VSL has scheduled to develop a small facility to do
further research on this topic in 2010-2011. The range will
be expanded to flow rates up to 1000 nl min~!. Challenges
are to achieve an accurate flow rate of the fluid of interest
(temperature gradient in fluid of interest), to get a fast response
of the average temperature in larger liquid-reservoirs, to have
a bubbly-free operation when working with water on top of
the mercury and to avoid linepack issues.
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