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Stratified Flows

In a multiphase stratified flow, the interfaces between
immiscible fluids have several characteristics. Firstly, the
specific interfacial area can be very large just as droplet-
based flow. It can for example be about 10,000 m−1 in
a microchannel compared with only 100 m−1 for conven-
tional reactors used in chemical processes. Secondly, the
mass transfer coefficient can be very high because of the
small transfer distance and high specific interfacial area.
It is more than 100 times larger than that achieved in
typical industrial gas-liquid reactors. Thirdly, the inter-
faces of a stratified microchannel flow can be treated as
nano-spaces. Simulation results show that the width of the
interfaces of a stratified flow is in nanometers, and that
diffusion-based mixing occurs at the interface. The inter-
face width can be experimentally adjusted by adding sur-
factants. Finally, reactants only contact and react with each
other at the interface. Therefore, the interfaces supply us
with mediums to study interfacial phenomena, diffusion-
controlled interfacial reactions and extraction.
The ideal 2D “nano-reactors” of the interfaces between
immiscible fluids in stratified flows (Fig. 7b) have been
used for chemical synthesis, triphase hydrogenation and
biological enzymatic degradation, for extraction and sepa-
ration, and for kinetic studies.

Future Directions for Research

Two-phase flows for a long time have been propelled by
externally applied pressure, due to the inhomogeneity of
two confined phases in the same system. High external
pressure is needed to maintain flow in small devices due to
the hydrodynamic resistance which increases with down-
scaling. This makes syringe pumping and vacuum pump-
ing less suitable at smaller length scales. However, the
capillarity-induced flow shows its importance at small flow
dimensions. The capillary pressure is induced by interfa-
cial forces which increase with downscaling. Moreover,
more and more means have been found to modulate differ-
ent interfacial forces of gas-liquid, gas-solid, liquid-liquid
and liquid-solid. As device size decreases, the capillary
pressure-driven flow therefore gains importance and may
increasingly be used for systems where externally applied
pressure would have to be extremely high.

Cross References

! Pressure-driven Flow
! Pressure-based Sample Injection
! Two-phase Flow

References
1. van den Berg A, Lammerink TSJ (1998) Micro total analysis sys-

tems: Microfluidic aspects, integration concept and applications.
Springer, Berlin

2. Stone HA, Stroock AD, Ajdari A (2004) Engineering flows in
small devices: Microfluidics toward a lab-on-a-chip. Ann Rev
Fluid Mech 36:381–411

3. Karniadakis GAB, Aluru N (2005) Microflows and Nanoflows.
Springer, New York

4. Serizawa A, Feng Z, Kawara Z (2002) Two-phase flow in
microchannels. Exp Therm Fluid Sci 26(6-7):703-717

5. Dreyfus R, Tabeling P, Willaime H (2003) Ordered and disor-
dered patterns in two-phase flows in microchannels. Phys Rev
Lett 90(14):1445051–1445054

6. Zheng B, Tice JD, Ismagilov RF (2004) Formation of droplets
in microfluidic channels alternating composition and applica-
tions to indexing of concentrations in droplet-based assays. Anal
Chem 76(17):4977–4982

7. Squires TM, Quake SR (2005) Microfluidics: Fluid physics at
the nanoliter scale. Rev Mod Phys 77(2):977–1026

8. Song H, Tice JD, Ismagilov RF (2003) A microfluidic system
for controlling reaction networks in time. Angew Chem Int Ed
42(7):768–772

9. Bico J, Quere D (2002) Self-propelling slugs. J Fluid Mech
467:101–127

10. Weislogel MM, Lichter S (1998) Capillary flow in an interior
corner. J Fluid Mech 373:349–378

Pressure Drop in Microchannels
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Pressure Injection

Definition

Pressure injection is another important technique for trans-
ferring sample to microfluidic chips.
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Definition

Experimentation and novel measurement techniques are
crucial for the further development of microfluidic
devices. Pressure is one of the basic parameters involved
in microfluidic experiments. However, it is not realistic
to apply conventional pressure measurement techniques
to microsystems, since the characteristic dimensions of
these measurement instruments are already comparable
to those of the microdevices used. Therefore, novel pres-
sure methods are needed for pressure measurement on the
microscale.

Overview

It is not practical to measure pressures inside microchan-
nels and nanochannels by use of conventional sensors,
since it is very difficult or impossible to implement these
sensors in microsystems without disturbing the flow field.
Therefore, some novel methods are required for pressure
measurement on the microscale.
The common practice for measuring the pressure drop
along a microchannel is to use pressure transducers in
the inlet and exit reservoirs, which gives overall informa-
tion about the pressure rather than the pressure distribution
along the channel. This approach is used in many studies
related to fluid flow in microchannels [1–4].
Sekimori et al. [5] have developed a pressure sensor for
use in Lab-on-a-Chip (LOC) devices. It has an embedded
miniaturized structure and high chemical resistance, and
causes no interference in the microflow during the mea-
surement. This pressure sensor element has a volume of
1 mm3 and was fabricated by using MEMS technology.
The pressure sensor element was installed in an LOC with-
out any dead volume or disturbance to the microflow, and
the pressure inside the microchannel was measured (see
Fig. 1).
Wu et al. [6] proposed the use of single-walled carbon
nanotubes (SWNTs) as nanoscale electromechanical pres-
sure sensors. These authors demonstrated computationally
a reversible pressure-induced shape transition in armchair
SWNTs, which in turn induced a reversible electrical tran-
sition from metal to semiconductor. They also discussed
the potential long lifetime of this pressure sensor due to
the excellent mechanical durability of carbon nanotubes.
Li and Chou [7, 8] proposed the use of SWNTs as mechan-
ical sensors to measure also mass, strain, and temperature,
as well as pressure. The principle of sensing was based on
the shift of the resonant frequency of a carbon nanotube
resonator when it is subjected to changes in attached mass,
external loading, or temperature. Li and Chou discussed
the feasibility of such a sensor, with the aid of computer
simulation using atomistic modeling together with molec-

Pressure Measurements, Methods, Figure 1 Installation of the pres-
sure sensor to a microchip. Reprinted from [5] with permission from
Dr. Kitamori

ular structural mechanics. They concluded that the sensing
capability of this nanoscale sensor was superior to that of
current microsensors, and that the sensitivity could be fur-
ther enhanced by using smaller-sized carbon nanotubes.
Kim and Daniel [9] have recently suggested the use of
atomic force microscopy (AFM) for measuring pressure
profiles in micro/nanochannels. The method is based on
measurement of the deflection of a thin plate over the
channel surface by topographic imaging of the plate using
AFM. Kim and Daniel verified this measurement tech-
nique numerically with artificially generated topographic
data. Since the topographic imaging takes quite a long
time, this technique is only applicable to steady-state pro-
cesses. Moreover, special attention needs to be paid to pro-
viding vibration-free surroundings, since vibrations trans-
mitted via the fluid can cause noise in the data, leading to
loss of accuracy.
Matsuda et al. [10] have proposed the use of a pressure-
sensitive paint (PSP) technique, which is based on the
interaction of atoms or molecules with photons, to mea-
sure the pressure inside micro/nanochannels. This tech-
nique is limited to gaseous flow, and has drawbacks for
high-pressure and low-speed applications. Moreover, the
surface where the pressure is to be measured must be visi-
ble to the detector. The temperature sensitivity of the PSP
technique must also be considered during the calibration.
In conclusion, although several techniques have been sug-
gested by many researchers, the development of measure-
ment techniques for use on the microscale is a challenging
topic, and this topic seems likely to remain open-ended in
the near future.
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Primitive Model

Synonyms

Element model

Definition

Primitive model is a single Differential–Algebraic Equa-
tion (DAE) derived from basic conservation laws in
different domains describing the dynamic response of
a constituent element (e.g., capacitors, inductors, resistors,
channels, etc.) in a complex system.
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Proper Orthogonal Decomposition (POD)
Based MOR

Synonyms

Karhunen–Loève (K–L) expansion; Karhunen–Loève (K–
L) decomposition; Karhunen–Loève (K–L) approach

Definition

Proper Orthogonal Decomposition is a technique that
extracts the orthogonal basis function spanning the
reduced subspace using an ensemble of data from experi-
ments or numerical simulation of the original full systems.
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