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Design methodology and flow characterization of a miniaturized trickle-bed system
for singlet-oxygen production via exothermic reaction of chlorine gas and basic hydro-
gen peroxide aqueous solution are reported. Miniaturized singlet oxygen production is
accomplished by integration of several components developed for microsystems (uni-
form phase distributors, integrated on-chip cooling, and capillary-based phase separa-
tion) within a single device. Macroscale design equations for pressure-drop and heat-
transfer rates are verified experimentally in the miniature trickle-bed reactor. Flow re-
gime data from the present study are summarized with previous reports in microdevi-
ces and compared to conventional multiphase flow maps; these maps are found to be
incapable of accurately predicting the flow regime trends within the miniaturized
trickle-bed system. Operation of the silicon-based miniaturized trickle-bed reactor
achieved estimated singlet-oxygen yields of 78%, comparing well with the reactor
model predictions. � 2008 American Institute of Chemical Engineers AIChE J, 54: 2441–

2455, 2008
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Introduction

Microchemical systems have emerged as promising alter-
natives to conventional, macroscale systems for applications
ranging from chemical analysis1,2 and biological assays3 to
portable power systems4 and small scale5–8 and industrial-
scale manufacture.9,10 Process miniaturization and the result-
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ing reduction of characteristic length scales (e.g., hydraulic
diameter, wall thickness, and catalyst size), yields order-of-
magnitude increases in momentum, heat and mass transport
rates, alongside equivalent gains in system safety, redun-
dancy, and efficiency.

Fabrication of microchemical reactors via techniques devel-
oped for the integrated circuit (IC) and microelectromechani-
cal systems industries allows the use of silicon-based materials
for high-temperature applications and handling of aggressive
chemistries.11 Single crystal silicon is a strong, low-density
material with a thermal conductivity comparable to that of
brass, allowing production of low-weight, rapidly cooled or
heated chemical reactors capable of operating under isother-
mal conditions. The chemical resistance of silicon can be eas-
ily augmented via thermally-grown coatings of silicon diox-
ide,12 chemical-vapor deposition of silicon nitride,13 or physi-
cal deposition of silicon carbide or nickel.14,15

The precision and complexity enabled by 2D photolithogra-
phy methods has been employed for integration of (i) several
parallel microfluidic networks,16 (ii) in situ flow sensing with
chemical reaction,17 and (iii) multiple separate, yet coupled
reacting fluids for heat-integration.18 Additionally, microdevi-
ces combining chemical reaction with subsequent phase sepa-
rations have been recently demonstrated for gas–liquid and liq-
uid–liquid systems.19 Recently, we completed the design and
demonstration of a silicon-based micromachined device inte-
grating (i) gas–liquid packed-bed microreactors with (ii) sub-
sequent gas–liquid product separation, and (iii) on-chip cool-
ing, for producing singlet-delta oxygen [O2(1D)] via exother-
mic reaction of concentrated alkaline hydrogen peroxide
solution and chlorine gas. The corrosive and unstable nature of
the reagents, reaction exothermicity, and required interfacial
areas made this transport-limited multiphase reaction an ideal
candidate for complete process miniaturization. The resulting
microdevice represents a fully miniaturized, self-contained,
industrial trickle-bed reactor, requiring only external fluidic
connections for operation.

This manuscript reports the design methodology employed
to realize the first fully-integrated miniaturized trickle-bed re-
actor system, including discussion of design equations
selected to specify the dimensions of each device component
(inlet bifurcation and distributor, packed-bed channels, gas-
liquid separator, and cooling system) and subsequent charac-
terization of the fabricated device components to verify the
design methodology. In doing so, we expand upon previous
reports on the microscale singlet-oxygen generator, which
focused upon modeling analysis of the packed-bed reaction
microchannels,20 device fabrication and packaging,13 and IR-
spectroscopic analysis of singlet-oxygen production over a
range of operating conditions.21 The case study for integrated
gas–liquid microreactor design presented here demonstrates
a useful design methodology for creating integrated micro-
reactor systems for multiphase chemical applications.

Applications for singlet-delta oxygen

Singlet-delta oxygen is a spin-excited molecule in which
the number of valence electrons in each spin state is bal-
anced, resulting in an energy difference of 94.1 kJ mol21

between the excited singlet-delta and ground states.22 This
additional energy content of singlet-delta oxygen makes it a

valuable reagent for multiple chemical processes, including
endoperoxide formation for organic synthesis23 and photody-
namic cancer therapies.24 The most demanding use of sin-
glet-delta oxygen is as a pumping medium for iodine-based
flowing gas lasers, where high-energy laser outputs necessi-
tate efficient generation of singlet-delta oxygen at maximum
yields.

The chemical oxygen iodine laser (COIL) has emerged as
a promising alternative to carbon dioxide lasers25,26 for appli-
cations ranging from automobile manufacture27 to automated
decontamination and decommissioning (D&D) of nuclear
reactors,28 owing to its improved power outputs, wavelength
characteristics, compatibility with glass optics and scalability
from outputs of 1 kW to in excess of 1 MW.29,30 The COIL
system is comprised of a chemical reactor for generating sin-
glet-delta oxygen, followed by a supersonic nozzle for rapid
introduction and cooling of the iodine lasing medium, fol-
lowed by the optical cavity and downstream pressure recov-
ery (pumping) system. Complete details of a proposed fully
miniaturized COIL system (the MIT lCOIL) are given else-
where.20 The primary challenge in the design and operation
of the overall COIL system is the safe and reliable produc-
tion of the singlet-delta oxygen in sufficient quantity and
quality in a compact, lightweight reactor.

Challenges to singlet-delta oxygen production

Although a variety of reaction schemes for chemical gen-
eration of singlet-delta oxygen exist,31–33 the two-phase reac-
tion of basic hydrogen peroxide (BHP) and chlorine gas is
still the preferred technology for COIL systems, owing to its
capability for generating large amounts of singlet-delta oxy-
gen with short reaction times. BHP is prepared from equal
parts 50 wt % H2O2 and 50 wt % KOH; the resulting solu-
tion is an effervescent, viscous fluid that decomposes rapidly
at temperatures above 308C. The overall reaction of BHP
with chlorine to produce singlet-delta oxygen and heat is

H2O2ð1Þ þ 2KOHð1Þ þ Cl2ðgÞ ! 2H2Oð1Þ þ 2KClð1Þ

þ O2ð1DÞðgÞ þ 110 kJ=mol:

The kinetics of the liquid-phase reactions are rapid, result-
ing in an overall reaction limited by mass transfer of chlorine
across the gas-liquid interface, necessitating large interfacial
areas within the reactor. Existing singlet-oxygen generator
designs have achieved large gas-liquid contacting areas using
wetted wall,34 gas-sparger,35 and liquid-spray reactors.36

In addition to realizing large interfacial areas for chlorine
mass transport, SOG designs must be capable of high rates
of heat removal for safe and efficient operation. A primary
safety challenge to COIL systems is preventing BHP from
overheating, which leads to rapid decomposition at tempera-
tures above 308C. During operation, the reaction tempera-
tures are maintained at 258 K–268 K for safety and to mini-
mize water vapor content in the gas product stream; water
vapor leads to deactivation of the excited-state species.37

These challenges are exacerbated by the high heat of reaction
for the singlet-delta oxygen generation. Increased surface
area-to-volume ratios achievable in microchemical systems
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offer the superior heat and mass transport required by this
reaction, as compared to macroscale counterparts.38

In light of the highly toxic, corrosive, and unstable
reagents involved in this reaction network, the additional
safety and redundancy of microchemical systems are a wel-
come alternative to conventional systems with reaction vol-
umes equivalent to 1–10 kW output. Perhaps most impor-
tantly, miniaturization of the entire COIL system is expected
to result in significant reduction in overall system weight
and volume necessary for next-generation transportable
systems.20

Silicon-based microchemical systems appear perfectly
suited for high-capacity singlet-delta oxygen production, for
use either by COIL systems or by organic synthesis proc-
esses.11 Silicon construction and micrometer-scale heat trans-
port lengths allow isothermal operation even at high reaction
rates; gas and liquid distributors allow scale-out of individual
reaction channels while minimizing variations in distribution
uniformity (common to conventional system scale-up) for
greater design flexibility39; and capillary-based gas-liquid
separators40 allow disengagement of the gas product from the
liquid phase immediately after reaction to minimize the deac-
tivation losses. A modeling study of the microscale singlet-
oxygen generator predicted superior performance of the
microreactor and the lCOIL system, as compared to the
state-of-the-art macroscale systems.20 The present manuscript
details the design of a prototype singlet-oxygen generator
(including structured reaction channels, distributors, gas–liq-
uid separator, cooling channels, and packaging), with an em-
phasis upon verifying design models/expressions employed
for each microsystem component. Overall system perform-
ance is also presented, with emphasis upon comparing

observed, multiphase hydrodynamics within structured micro-
scale packed-beds with conventional predictive maps. Com-
plete details of microfabrication methods and IR-spectro-
scopic analysis of overall singlet-delta oxygen production by
the resulting microdevice are provided by the authors else-
where.13,21

Design of Microscale Jacketed
Trickle-Bed System

Conventional gas–liquid reactor systems are comprised of
(i) a fluidic distributor for achieving uniform mixed inlet
flow, (ii) a randomly or structured packed bed to provide
maximum interfacial contact area, (iii) cooling or heating
jacket for temperature control, and (iv) a disengagement vol-
ume for splitting reactor effluent into separate product
phase(s). Although each of these individual tasks has been
demonstrated earlier in silicon-based microsystems,38–41 this
manuscript presents the first bottom-up design of an inte-
grated microscale trickle-bed system, combining all of these
tasks into a single, compact, and efficient microdevice, illus-
trated conceptually in Figure 1 and by design in Figure 2.

The design methodology illustrated in Figure 2 centers
around an isothermal model of the chemical reactor. In this
manner, all subsequent component designs are based upon an
optimal reactor design, independent of arbitrary device size
constraints. Optimal bed properties obtained from the reactor
model dictate post (structured packing) diameters and spac-
ing, whereas individual reaction channel capacities dictate
the number of identical channels necessary to meet the over-
all target flow capacities. Spacing between reaction channels
is selected based upon ease of microfabrication; nominally a

Figure 1. The miniaturized trickle-bed reactor system.

(a) Gas–liquid distributors with bifurcations and pressure-drop channels; (b) the micromachined structured packed-bed, top and side-views;
(c) gas–liquid separator pores for disengagement via capillary mechanism; (d) cooling channels for heat extraction; (e) singlet-oxygen pro-
duction, visually confirmed via dimol emission at 634 nm; (f) the packaged microdevice with optical cuvette for measurement of singlet-
oxygen concentration via monomol emission at 1280 nm; (g) the completed microdevice, top view showing distributor, packed-beds and
gas–liquid separator; (h) the completed microdevice, backside view showing inlet and outlet ports for fluidic connections. Images in (b),
(c), (d), (e), (f) from Velasquez-Garcia et al., 2007.13 [Color figure can be viewed in the online issue, which is available at www.inter-
science.wiley.com.]
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spacing of 100 lm represents a reasonable balance between
device compactness and fabrication reproducibility. The
number of parallel reaction channels along with the individ-
ual channel capacities dictates inlet bifurcation design,
whereas the reaction channel pressure drop dictates the
design of pressure-drop constrictions. Downstream of the
reaction region, net gas and liquid effluent and target outlet
(plenum) pressure guides the design of the gas–liquid disen-
gagement region. Once dimensions and necessary design pa-
rameters for the packed-bed reaction channels, distribution
region, and disengagement region are determined, individual
region blueprints or lithography masks can be developed,
which in turn dictate the footprints of each region. When

combined, these three regions define the overall die size for
an integrated microdevice where all the three regions are
placed on the frontside of the microdevice. Lastly, cooling
channels are designed for placement on the backside of the
microdevice, to ensure isothermal operation and adequate
heat removal.

Trickle-bed reactor model

A one-dimensional plug-flow reactor model (neglecting
axial dispersion) was formulated to describe gas–liquid reac-
tion and gas-phase deactivation in a single, microscale
packed-bed. Axial dispersion was neglected for initial design

Figure 2. Design flowsheet for microscale trickle-bed system.

Table 1. Design Parameters Obtained from MIT lCOIL Optimization Study

Parameter Range Predicted Optimum Experimental

Bed cross-sectional area 1.95 3 1027 m2

Packing diameter 70 3 1026 m
Bed porosity, dimensionless 0.40
He:Cl2 gas inlet rate, 32-channel device 4.2–430 cm3 min21 (at STP) 175 cm3 min21 (at STP) 25–175 cm3 min21 (at STP)
BHP liquid inlet rate, 32-channel device 0.75–7.50 cm3 min21 3 cm3 min21 0.5–2.5 cm3 min21

Packed bed length 0–1 cm 0.516 cm 0.61 cm
Packed-bed outlet pressure 3–40 kPa 6.2 kPa 5–35 kPa
NBoCl2

at 40 kPa 1.8–180 70 10–70
NBoO2

at 40 kPa 1.2–120 50 8–50
NBoO2H

� at 40 kPa 104–105 5 3 105 8 3 104–4 3 105

2444 DOI 10.1002/aic Published on behalf of the AIChE September 2008 Vol. 54, No. 9 AIChE Journal



studies to facilitate design optimization at a minimum of
computational cost. Owing to rapid liquid-phase kinetics, the
overall rate of the reaction can be assumed to be equal to the
rate of gas–liquid mass transport, and the mass transfer coef-
ficient estimated from the limiting liquid-phase kinetics. The
model assumed a liquid-fraction el 5 0.08 (with total void
fraction of e 5 0.40). Gas–liquid interfacial area was esti-
mated at a 5 5000 m21 based upon previously reported val-
ues in similar structured microscale packed beds by Losey
et al.38 This model was originally developed as part of a
larger design study of a microscale Chemical Oxygen Iodine
Laser (lCOIL) system, and complete details of the model
formulation are provided elsewhere.20 Results of this model-
ing analysis are summarized in Table 1. Although an optimal
bed length of 0.516 cm was obtained from model analysis,20

an experimental bed length of 0.61 cm was selected to pro-
vide additional residence time to ensure sufficient conversion
over the entire range of gas and liquid throughputs.

Reactor bed design

The bed geometry was selected to match the modeling
results summarized in Table 1. In order to achieve overall
device capacities in excess of 1 mL min21 (for effective fluid
handling and product analysis), each integrated device is
designed to contain 32 parallel packed-bed channels. Individ-
ual packed bed dimensions were 650 lm in width by
300 lm in depth, with structured posts serving as the packing
media. Structured two-dimensional packing elements were
chosen over randomly dumped beds for greater ease of man-
ufacture and operation. Each bed was packed with �5 3 103

identical, 70 lm diameter posts placed in a regular hexagonal
pattern with identical pore throats of 20 lm, corresponding
to an overall bed porosity of 0.40 (Figure 1b). Post diameters
correspond to a bed width-to-packing diameter ratio of �8:1,
generally considered the minimum for uniform flow distribu-
tion in conventional packed-bed systems.42 Larger bed-to-
packing diameter ratios were not implemented to maximize
device yield and decrease fabrication complexity.

Design of gas and liquid distribution

A critical challenge to the scale-up of microchemical sys-
tems is appropriate design of fluidic distributors38,39,43 to
ensure consistent reagent supply to each microchannel.
Although simple bifurcated gas and liquid inlets split individ-
ual external feeds amongst multiple reaction channels (Figure
1a), minor fluctuations in pressure drop associated with each
flow path may still result in significant distribution nonuni-
formity.38 To ensure uniform gas and liquid distribution to
each reaction channel, individual reaction channels are con-
nected to the inlet bifurcation arrays via two shallow pressure
drop channels for gas reagent and a single shallow pressure
drop channel for liquid reagent, following Wada and co-
workers39 (Figure 1a).

Pressure-drop channels were designed to achieve a 3-fold
greater pressure drop than downstream reaction channel pres-
sure drops, to ensure that fluid flowrates are dominated by
the pressure drop associated with the pressure-drop channel;
that is, distribution is unaffected by downstream pressure
fluctuations. Further pressurization of the BHP supply was
not considered feasible in light of safety considerations. Pres-

sure-drop was determined from the Hagen-Pouiseille equa-
tion for an incompressible fluid,

DPpdc ¼
128ll � LpdcQpdc

p � d4
pdc

(1a)

where ll is the fluid viscosity, Lpdc is the length the pressure-
drop channel, Qpdc is the capacity of a single pressure-drop
channel, and dpdc is the hydraulic diameter of a single pres-
sure-drop channel. Pressure-drop channel widths of 25 lm
and depths of 20 lm were selected as minimum feature sizes
without affecting overall device yield or introducing plugging
challenges during operation. Optimum operating conditions
predicted from the design optimization study corresponded to
a pressure drop of 360 torr across the reaction channel (Table
1). For a target pressure drop of 1200 torr across the pres-
sure-drop channel at optimal operating conditions, a length
of 2.5 mm is obtained from Eq. 1a.

Design of capillary gas–liquid separator

Macroscale gas–liquid reactors employ downstream phase
separation by exploiting differences in density, primarily via
gravity separation. In microscale systems, capillary forces
compete with or dominate gravity forces, limiting the use of
conventional density-separation methods for gas–liquid disen-
gagement. For this reason, a gas–liquid separator based upon
capillary action, originally developed by Günther et al.,40

was used to separate the effluent stream exiting the array of
32 packed-beds.

The separator consists of a collection conduit, the floor of
which is patterned with an array of parallel capillary pores
for selective removal of the liquid phase from the gas–liquid
effluent (Figure 1d). Individual pores must be small enough
to maintain sufficient capillary pressure to resist gas invasion,
while remaining large enough to provide useful liquid re-
moval rates (Figure 3). Separation is accomplished by apply-
ing a pressure drop across the capillary channels smaller than
the maximum pressure that the meniscus can withstand
before breakup, so the gas phase does not get through the
capillary. The upper bound of this pressure calculated from
the Laplace-Young Equation:

DPcap¼
4r
dcap

cos h (2)

Figure 3. Illustration of capillary separator design.

(a) Liquid-filled stagnant (inactive) separator pores resist
gas invasion when Pseparator \ Pcap; (b) liquid-filled flowing
(active) separator pores withdraw liquid at rates determined
from Hagen-Pouiseille equation.
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where r is the liquid surface tension, h is the wetting angle,
and dcap is the diameter of a single capillary pore. The
capacity of a single pore in the separator is then calculated
from the Hagen-Pouiseille equation,

Qcap¼
p � d4

cap � DPsep

128ll � Lcap

(1b)

where DPsep is the actual pressure drop applied across the
capillary separator and Lcap is the pore length. A capillary
pore length of 300 lm was selected to accommodate both
the reactor bed and the separator on the same 625 lm thick
silicon substrate. Capillary diameters were chosen to be
25 lm, corresponding to a maximum allowable pressure dif-
ferential of 117 torr, assuming that BHP’s surface tension is
equivalent to that of water (73 dynes cm21) and also assum-
ing negligible wetting angle (corresponding to water on sili-
con nitride). Actual surface tension and wetting angle data
for BHP and silicon were unknown. In light of this potential
source of error, the operating pressure drop across the separa-
tor was targeted for 25% of the predicted capillary pressure
(30 torr), to ensure desired performance during operation.
This corresponds to a single-pore liquid removal rate of 1.7
3 1025 cm3 s21 (Eq. 1b). Operation at the maximum
planned liquid flowrate of 0.123 cm3 s21 (determined from
modeling analysis) requires �7200 capillary pores. Operation
at the optimum liquid flowrate of 0.0492 cm3 s21 requires only
�2800 pores. However, prewetting of the separator device
allows pores to remain liquid-filled while not in use, thereby
preventing gas penetration into the liquid effluent (Figure 3).
Prewetting of the separator is a crucial step to run the micro-
scale reactor system. Analysis of the working conditions used
to gather the IR data showed that only a small fraction of open
pores (\5%) are needed to suck the singlet oxygen to the liq-
uid by-products outlet instead of the proper singlet exit port.21

Design of cooling channels

Once the reaction channels, gas–liquid inlets, and gas–
liquid disengagement regions were designed, the overall die
size of the microreactor was set to 3.6 cm 3 2.8 cm to
accommodate these features and feed/outlet ports on the de-
vice backside. The final design step was to specify the cool-
ing channel geometry to maintain the desired chip tempera-
tures of 273–283 K in the presence of heat addition from
both the ambient environment and singlet-oxygen production.
At maximum design flowrates of 8 3 1025 mol Cl2/s, the
corresponding heat production via reaction is 8.8 W, whereas
optimal operating conditions correspond to a heat release rate
of 3.5 W. For a chip design temperature of 268 K, heat
losses from the microdevice via natural convection are esti-
mated at �0.50 W.

The Nusselt number corresponding to coolant flow through
a single microchannel was estimated via the correlation of
Sieder and Tate44 for laminar flow (Reynolds number NRe \
2100) through a cylindrical pipe, assuming constant coolant
viscosity:

NNu ¼
haD

k
¼ 1:86 NRe � NPr �

D

L

� �1=3

¼ 1:86
4qCpQ

kLcp

� �1=3

(3)

Equating the maximum heat flow out of the chip with heat
flow into the coolant (assuming steady-state operation) yields
an expression, which is solved for the coolant outlet tempera-
ture and the heat duty of the cooling channel:

q� ¼ hapDcLc Twall �
Tc;in þ Tc;out

2

� �� �
(4a)

qþ ¼ QcqcCp Tc;in � Tc;out

� �
(4b)

2Twall � Tc;in 1 � að Þ
1 þ að Þ ¼ Tc;out; where a¼ qcQcCp

pLcNNuk

� �

¼ q2=3
c Q

2=3
c C

2=3
p

6:33 � L2=3
c k2=3

 !
ð4cÞ

The corresponding pressure drop for a given coolant
capacity is given by the Hagen-Pouiseille equation,

DPc ¼
128 � LclcQc

pd4
c

(1c)

For a single cooling channel at fixed coolant flowrate,
inspection of Eqs. 3, 4, and 1c illustrate that heat removal is
not a direct function of hydraulic diameter, and that q !
(Lc)

2/3 while DP ! Lc. Thus, as flow length is increased, the
amount of energy required for pumping outpaces the rate of
heat removal. The energy required to flow the coolant goes
mainly to pay for the viscous losses, which produce heating
of the coolant, directly interfering with its heat removal
capacity. Therefore, the design of an efficient heat exchanger
should make provisions for its heat removal capacity to be
substantially larger than the heating implied in flowing the
coolant. The hydraulic diameter indirectly influences net heat
removal by dictating the number of cooling channels that can
be incorporated into the microdevice. For a fixed volume
available for channel placement, geometry shows that q !
nchannels ! (dc)

22 whereas from Eq. 1c we see that DP !
(dc)

24. Thus, selection of hydraulic diameter represents an
indirect balance between heat removal rates and pressure
drop.

The established die size (3.6 cm 3 2.8 cm) provides a
2.2 cm 3 8.5 mm footprint for incorporation of cooling
channels of 300 lm depth (Figure 1d). Cross-flow operation
of cooling channels (alignment of channels perpendicular to
reaction channels) was selected to ensure maximum uniform-
ity of reactor temperature along a given reaction channel,
and to accommodate coolant port placement compatible with
reactant and effluent port placements. Channel dimensions of
300 3 300 lm (Dc 5 339 lm) 3 22 mm allow placement
of 19 separate cooling channels on-chip, with single-pass
operation of coolant channels (Lc 5 22 mm) to maintain low
pressure drops.

Design calculations were performed for a target coolant
inlet temperature of 258 K and chip temperature of 268 K.
Design calculations assumed the use of Syltherm� XLT
Fluid as a coolant. The physical properties of Syltherm�

XLT Fluid are summarized in Table 2. For a net coolant
capacity of 137 cm3 min21, NRe 5 157.9, and NNu 5 8.04,
the target heat removal rate of 4 W is achieved at a pressure
drop of 21 kPa. For a net coolant capacity of 237 cm3
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min21, a heat removal rate of 10 W can be achieved at a
pressure drop of 69 kPa, corresponding to the maximum
pressure drop achievable by the chiller/recirculator employed
in the experimental procedure.

Experimental

Chip fabrication

The integrated microscale trickle-bed system was fabri-
cated from two individually micromachined silicon layers
of thickness 625 lm each, capped with a 2 mm Pyrex layer
to enable optical access to the packed-bed and capillary
separator. A cross-sectional schematic of the microdevice is
presented in Figure 4a, alongside optical images of the
backside of the chip, the frontside of the chip, and the in-
ternal cooling channel features (Figures 4b–d). The fabrica-
tion process relies heavily on deep reactive ion etching
(DRIE), fusion bonding, and anodic bonding methods to
construct the device in silicon. Subsequent deposition of a
conformal layer of LPCVD-deposited silicon-rich nitride
provided suitable protection from reactant and by-product
corrosion. Complete details of the fabrication process are
presented elsewhere.13

Testing apparatus

The testing apparatus is shown schematically in Figure 5.

Gas delivery was provided via mass flow controllers, con-
nected with a mixing tee and downstream pressure transducer

for measuring delivery pressure. The gas outlet flow path
included (i) an optical cuvette for measurement of singlet-ox-

ygen emission via spectroscopy, (ii) a cryo-trap for chlorine
and moisture removal, (iii) a sampling port for mass spec-

troscopy, (iv) a back-pressure valve for control of gas outlet
pressure, and lastly (v) a corrosion resistant vacuum pump.
The liquid supply reservoir was a glass-lined, jacketed, stain-

less steel pressurized reservoir (PARR), pumped to the chip/
chuck assembly by constant-pressure helium gas displace-

ment using separate mass-flow and back-pressure controllers.
The liquid outlet flow was collected in a jacketed three-neck

glass flask, maintained at constant vacuum pressure via a
back-pressure controller connected to the vacuum pump. In

both the gas and liquid outlet vacuum lines, glass cryo-traps
were employed to remove any moisture or chlorine vapor

upstream of the vacuum components. Both the liquid inlet
and outlet reservoirs were maintained at sub-ambient temper-

atures using a chiller/recirculator, which also supplied cool-
ant flow to the chip. Coolant supply rates to the liquid reser-

voirs and chip were controlled using flowmeters. Thermocou-
ples provided constant monitoring of chip and reservoir
temperatures during experimentation. The present design

employs a single on-chip thermocouple well for monitoring
silicon substrate temperature. Fluidic connections to the

glassware and the packaging chuck were made using PTFE
tubing. Ultra-high purity gases ([99.999%) were used in the

experiments. The entire experimental apparatus, with the
exception of the coolant recirculator/chiller, was contained

Figure 4. Microdevice fabrication.

(a) schematic view of device cross-section; (b) backside of completed microdevice identifying individual inlet and outlet ports; (c) front-
side view of completed microdevice; (d) internal cooling channels.

Table 2. Properties of Coolant for Design of Heat Exchanger

Property (at 2108C) Value

Density 870.11 kg m23

Specific heat 1.572 kJ kg21 K21

Thermal conductivity 0.1171 W m21 K21

Viscosity 2.49 3 1023 Pa s21

Prandtl number 33.4
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within a ventilated enclosure to minimize the hazard of chlo-
rine exposure. Complete details of the testing apparatus are
presented elsewhere.21

Spectroscopic measurement of singlet-delta
oxygen yield and chlorine conversion

In all experiments, singlet-delta oxygen yield was meas-
ured via photon emission spectroscopy. Quantitative mea-
surement of singlet-delta oxygen is obtained from monitoring
the decay of solitary O2(1D) molecules into the triplet state,
which produces photons at 1268 nm. Spectroscopic measure-
ment of singlet-delta oxygen concentration was performed in
collaboration with Physical Sciences (Andover, MA). The
test cell was a rectangular quartz cuvette connected to the
gas outlet by a 0.4 cm diameter quartz tube. Collimated

optics sampled a cylindrical cross section of the cuvette,
yielding a 1.1 cm field of view. A liquid nitrogen cooled
InGaAs array spectrometer was used to analyze photons from
the spontaneous emission. The intensity of the spectrometer
signal was calibrated to the spectral radiance of a blackbody
source at 1000 K. Complete discussion of this analysis tech-
nique is presented by Rawlins et al.45 Complete details of
the implemented spectrometric oxygen diagnostics are pre-
sented elsewhere.21

Packaging of completed microdevice

A consistent challenge to microchemical systems is pro-
viding fluidic and/or electronic connections to the microde-
vice via packaging. Packaging strategies include sealing flu-
idic connections to the microdevice surface with chemical-re-

Figure 5. Testing methodology.

(a) packaging chuck, showing inlet and outlet ports, from Velasquez-Garcia et al., 200713; (b) experimental apparatus: (1) Chlorine cylin-
der; (2) Helium cylinder; (3) Helium mass flow controller; (4) back-pressure controller; (5) liquid supply reservoir; (6) Helium mass flow
controller; (7) Chlorine mass flow controller; (8) toggle valve; (9) pressure transducer; coolant flow controllers for (10) liquid delivery/re-
covery and (11) microdevice; (12) chiller/recirculator; (13) liquid recovery reservoir; (14) optical cuvette; (15) focusing lense; (16) spec-
trometer; (17) LN moisture traps; (18) liquid removal pressure controller; (19) gas outlet pressure controller; (20) vacuum pump. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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sistant epoxies46 or metal-solder bonds,47 or compression-
sealing with a fluidic chuck containing chemically resistant
o-rings or gaskets.39 Both chlorine gas and BHP solution are
incompatible with soldering materials, whereas epoxies
proved unstable over long operating times. For these reasons,
a packaging system consisting of a fluidic chuck and clamp-
ing plate was used (Figures 5b, c).

Both the chuck and the clamping plate were machined
from Tefzel1, and Kalrez o-rings and gaskets were used to
connect the chip to Teflon tubing to meet the structural and
chemical performance requirements. The clamping plate of
the package has an opening for optical access to the reactor
bed and separator during operation. In order to minimize
deactivation of product singlet-oxygen via wall collisions,
glass materials were employed for the gas outlet.37 Complete
details of the device package are presented elsewhere.13

Experimental procedures

For each experiment, a 1/32 in. O.D. thermocouple (Omega)
was installed in the on-chip port for monitoring chip tempera-
ture, the microdevice was sealed within the chuck assembly,
and all fluidic connections were attached. The chuck-chip as-
sembly were then secured in place, and the spectroscopy optics
were aligned to the optical cuvette. The chiller/recirculator
were then switched on, and coolant flow to both liquid reser-
voirs and the on-chip cooling channels were set to desired
rates. Sufficient time was allowed for the chiller temperature to
reach an operating temperature of 243 K. Owing to heat addi-
tion through insulated coolant lines and flowmeters, this corre-
sponded to a coolant temperature of 258 K at the chip inlet.
BHP solution was prepared as follows. First, 100 cm3 of 50 wt
% aqueous solution of KOH was prepared from distilled water
and 66 g KOH pellets (Fisher) in a volumetric flask. Mean-
while, 50 cm3 of 50 wt % hydrogen peroxide aqueous solution
(Aldrich) was poured into the liquid feed reservoir and cooled
to 258.15 K. KOH solution was added in 5 cm3 quantities,
allowing sufficient time for solution temperature to return to
258 K between each addition, to a total of 50 cm3. The BHP
feed reservoir was then sealed and pressurized with helium gas
to the desired delivery pressure, thus initiating liquid flow to
the cooled microchip. Gas flow was initiated by opening he-
lium flow to a rate of 50 standard cm3/min. Liquid flow was
maintained by delivering helium gas to the BHP reservoir at a
constant displacement pressure of 200–400 kPa. Once both liq-
uid and gas supply to the chip were verified, the vacuum pump
was turned on, and the vent valves were closed, allowing the
system to pump down to operating pressures. Gas outlet
pressures were typically between 10 and 20 kPa, with liquid
outlet pressures nominally set to 5 kPa less than gas outlet
pressure. During pump-down, care was taken to ensure that the
gas outlet pressure remained greater than the liquid outlet pres-
sure, to avoid suction of liquid reagent into the gas outlet and
downstream optics. Once both gas and liquid outlets reached
steady operating pressures, reaction was initiated by blending
chlorine gas into the gas feed at a mole fraction of 25%. Before
chlorine introduction, the ventilated enclosure was closed and
sealed to protect against chlorine exposure. Progress of the
reaction was visually confirmed via red glow corresponding to
O2(1D) dimol emission (Figures 1e, f).13

Results

Pressure-drop measurements

Initial experiments employing helium and distilled water at
ambient temperature and outlet pressure were performed to
measure single and two-phase pressure drops across the minia-
turized distributor and packed-bed to verify design equations.
Single-phase pressure drops were obtained assuming a chip
outlet pressure of 101.3 kPa while monitoring delivery pres-
sures. A parity plot of predicted pressure drops calculated from
the Ergun equation for single-phase flow48 and employing the
correlation of Larkins et al.,49 for two-phase flow verifies the
accuracy of macroscale packed-bed pressure drop equations
for describing the miniaturized packed-bed (Figure 6a).

Characterization of cooling channels

Preliminary experiments were also performed to estimate
heat losses to ambient from the chip in the absence of chemi-
cal reaction and to estimate heat transfer coefficients within
the microdevice. Although experiments in the absence of
chemical reaction limit the resolution of heat transfer meas-
urements, they alleviate the greater uncertainty associated
with the estimating reaction heats. Two separate experiments
were performed to capture (i) steady-state and (ii) transient
cooling of the microdevice in the absence of reactant flow.
In all experiments, thermocouples were placed �4 mm
upstream and downstream of the packaging to monitor cool-
ant flow entering and exiting the chip, while a third thermo-
couple monitored chip temperature via the chip’s sensor port.
Coolant flowmeters and thermocouples were calibrated to
determine associated measurement uncertainties, Ti 5 Ti 6
Dec and Qc 5 Qc 6 Dev.

In the first experiment, a constant coolant flowrate of
73.4 cm3 min21 at 277 K was supplied to the initially ambi-
ent-temperature chip, and temperatures were monitored at
regular time intervals until the steady-state chip temperature
of 278 K was reached. Temperature measurements combined
with coolant flowrates allowed calculation of the net rate of
heat addition to the coolant fluid from the relation:

q ¼ QcqcCp;c DTcoolantð Þ where

DTcoolant ¼ Tc;in � Tc;out �
ffiffiffi
2

p
� DeT ð5Þ

From error propagation theory, we may calculate the
resulting uncertainty as

DeQ ¼ qcCp;c �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tc;in � Tc;out

� �2�De2
v þ Q2

c � 2 � De2
T

q
(5a)

Owing to the relatively small thermal mass of the silicon
microdevice (7.6 g) and the insulating nature of the Tefzel�

packaging assembly, calculated heat removal rates were the
same order-of-magnitude as measurement uncertainty. De-
spite the measurement uncertainty, the experimental data did
follow the expected trendline (Figure 6b).

Multiple measurements of steady-state chip temperatures
and cooling inlet/outlet temperatures were made as well. For
each steady-state measurement, heat removal rate, q, was cal-
culated from Eq. 5 with its associated uncertainty estimated
from Eq. 5a. Assuming uniform chip temperature and a heat-
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transfer surface area of 2.35 3 1025 m2, the heat transfer
coefficient can be estimated from the following relation,

ha ¼
q

Ac DTchip

� � ; where

DTchip ¼ Tchip �
Tc;in þ Tc;out

2

� �
�

ffiffiffi
3

p
� DeT ð6Þ

with the resulting error,

Deha
¼ 1

Ac

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
De2

Q

DT2
chip

 !
þ 3 � De2

T � q2

DT4
chip

 !vuut (6a)

Again, propagation of error results in uncertainties of the
same order-of-magnitude as calculated heat-transfer coeffi-
cients, as a dual result of low overall heat addition and low
temperature gradients (Figure 6c). The small size of the
microdevice thus serves to amplify experimental error, neces-
sitating either an order-of-magnitude improvement in thermo-
couple accuracy or an equivalent increase in microsystem
size via scale-out.

As stated earlier, chip temperature was monitored via a sin-
gle thermocouple assuming near-isothermal operation. The
assumption that the chip is isothermal is supported by design-
level analysis. As was stated earlier, chip temperature was
monitored via a single thermocouple assuming near-isothermal
operation, and so direct measurement of thermal nonuniform-
ities was not possible. In addition, the packaging chuck and
condensation on exposed surfaces during operation effectively
prevented more detailed analysis of thermal gradients across
the microdevice via thermal imaging methods in the present
study. Instead, the effective thermal resistances that describe
lateral heat conduction within the silicon chip and outward
heat conduction through the Tefzel package were calculated
and compared. The lateral thermal resistance of the silicon
chip is increased by its low cross sectional area but reduced by
silicon’s high thermal conductivity of �130 W m21 K21; the
outward thermal resistance of the package is reduced by its
high cross-sectional area and increased by its low thermal con-
ductivity of �0.24 W m21 K21. On balance, the thermal re-
sistance of the package exceeds that of the silicon chip by
about an order of magnitude, and so only a small fraction of
the �20 K temperature difference between the chip and the
ambient occurs across the silicon chip itself, in agreement with
the isothermal assumption.

Flow regime observations

During the preliminary two-phase experiments described
earlier, two flow regimes were observed over the range of
helium and water flow rates investigated. At low gas flows,
the gas–liquid interface appeared static, with liquid preferen-
tially flowing along and near the walls of the channel
(Figure 7). Liquid appeared to flow through a network of
wetted pore throats, in similar fashion to the macroscale
‘‘trickling-flow’’ regime, with few visible fluctuations. This
regime was identical to the ‘‘annular flow’’ reported by
Losey et al.50 and Wada et al.39 in similar postbed micro-
reactors. At elevated gas flows, the gas–liquid interface fluc-
tuates rapidly, as pore throats oscillate between wet and dry
operation. This regime was similar to the ‘‘churn flow’’ re-

Figure 6. Evaluation of chip performance.

(a) Single- and two-phase pressure drop parity plot; (b) tran-
sient cooling of microdevice; (c) calculated heat transfer
coefficient from steady-state cooling experiments. Trend-
lines calculated from Eqs. 5 and 6.
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gime reported by Wada et al.39 and the ‘‘dispersed flow’’
reported by Losey et al.50 In this flow regime, fluctuations in
the gas–liquid interface spanned individual pore throats, but
not the entire column diameter. It is important to note that
under all singlet-oxygen generating conditions reported, only
the annular flow regime occurred.

Another flow regime has been reported in previous studies
of microscale postbed reactors, specifically the ‘‘slug flow’’ re-

gime, characterized by channel-spanning gas plugs and
observed by both Wada et al.39 and Losey et al.50 The pres-
ently obtained flow regime data is summarized with that of
Wada et al.39 and Losey et al.50 using conventional flow re-
gime maps (Figure 7). Three flow regime maps were used; (i)
the Baker coordinate map51 commonly employed for open
pipe flow, (ii) the Charpentier-Favier coordinate map,52 which
is popular for trickle-bed (packed pipe) flow, and (iii) the Tal-
mor coordinate map,53 also used for trickle-bed systems.

Singlet-oxygen production

The resulting miniaturized trickle-bed reactor system was
investigated for singlet-delta oxygen production over a range
of operating conditions, including outlet pressure, inlet flow-
rate, and chlorine mole fraction. Singlet-delta oxygen yield
was calculated from spectrometer data and chip effluent val-
ues extrapolated from singlet-delta oxygen deactivation mod-
els accounting for losses en route to the optical sensing
region. Optimal performance corresponded to a singlet-delta
oxygen yield of 78% at the chip’s outlet, occurring at a total
gas flowrate of 75 sccm and an outlet pressure of 13 kPa.
This compares favorably with maximum yields of 73%
reported to date for state-of-the-art macroscale singlet-oxygen
generators. Complete details of the data analysis including
determination of singlet-oxygen yields over a broad range of
gas flows, compositions, and pressures and comparisons with
model predictions are presented in a separate report.21

Discussion

Preliminary measurements for pressure drop and heat trans-
fer demonstrate the applicability of established equations for
laminar flow in the design of microscale systems. The empiri-
cal relationship of Ergun48 agrees well with single-phase pres-
sure drop data, and the relationship of Larkins et al.49 agrees
well with the two-phase pressure drop measurements. During
operation some nonuniformity of flow patterns between indi-
vidual channels was observed, indicating variations in inlet
pressure and gas/liquid feedrates from channel to channel. As

discussed in the design section of the manuscript, flow uni-
formity improves with increasing pressure drop across the
pressure-drop channels (within the distribution zone) relative
to the pressure drop of the reaction channels, assuming that all
pressure drop channels are identical. In theory, increasing the
ratio of pressure drops may be accomplished by increasing the
lengths of the pressure-drop channels, decreasing the widths
of the pressure-drop channels, or redesigning the reaction
channels themselves to reduce their flow resistance. The
assumption that all pressure-drop channels are identical intro-
duces a significant fabrication challenge, however. In the pres-

ent design, the pressure-drop channel features are already suf-
ficiently small (25 lm width 3 20 lm depth) that the few
micron scale errors common to the microfabrication process
can be a noticeable fraction of the channels’ hydraulic diame-
ter; variations in diameter limit the reproducibility of the
resulting flow resistances. Therefore, in practice the best way
to increase the flow resistance of the pressure drop channels
would be both increase their width slightly to improve uni-
formity while also increasing their length so that the net effect
is an increase in flow resistance. For a fixed amount of varia-

Figure 7. Summary of hydrodynamic observations in
structured post-bed microreactors (present
work.39,50

(a) Baker coordinate map, mapping corrected gas space ve-
locity vs. corrected liquid space velocity; (b) Charpentier
and Favier coordinate map, mapping corrected ratio of liq-
uid-to-gas space velocity ratio to corrected gas space veloc-
ity; (c) Talmor coordinate map, mapping corrected gas–liq-
uid space velocity ratio vs. dimensionless function of
Weber and Reynolds #.
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tion in the feature sizes, a suggested doubling of the channel

width would reduce the relative error (fractional variation) in

the channel width by a factor of two. The reduced relative

error in width reduces the relative error in the flow resistance

by an amount that is to lowest order also approximately equal

to a factor of two. (For example, a 3 lm error corresponds to

about a 640% error in resistance on a 20–25 lm wide chan-

nel, but only about a 623% error on a 40–50 lm wide chan-

nel.) Coupling this increase in channel width with a sufficient

increase in channel length to achieve a pressure drop of 3600

torr (�10 times that observed within the reaction channels)

would correspond to pressure-drop channel dimensions of

50 lm width 3 40 lm depth 3 18 mm length. The third

approach, redesigning the reaction channels to reduce their

flow resistance, would also allow the pressure-drop channels

to provide greater control over flow distribution. Bed pressure

drops could be substantially reduced by increasing the void

fraction/packing density. However, this approach comes at the

potential cost of altering hydrodynamic regime and reducing

gas–liquid mass transfer rates.
Hydrodynamic observations and attempts to ‘‘map’’ flow

regimes according to macroscale conventions illustrate signifi-

cant differences for microscale systems. Figure 7 summarizes

the presently obtained flow regime data alongside that of Wada

et al.39 and Losey et al.50 obtained in similar packed-bed sys-

tems, using coordinate maps following (a) the Baker coordinate

map51 commonly employed for open pipe flow, (b) the Char-

pentier-Favier coordinate map,52 which is popular for trickle-

bed (packed pipe) flow, and (c) the Talmor coordinate map.53

By comparing flow regime data obtained in the present work

with those previously reported, we can comprehensively evalu-

ate conventional flow regime map prediction of annular and

dispersed flow regimes (observed in the present work) as well

as slug flow, previously observed by both Losey et al.50 and

Wada et al.39 In all three cases, experimental data does not fol-

low trends established in the literature for macroscale trickle-

beds. Suggested boundaries separating individual flow regimes

are superimposed over the experimental data in Figure 7. Both

the Baker and Charpentier coordinate maps are found capable

of grouping like flow regimes with relatively smooth bounda-

ries, whereas the Talmor map requires much more complex

boundaries. In all three cases, data corresponding to the annular

flow regime proved difficult to separate from the dispersed re-

gime. The Charpentier-Favier coordinate map indicates that the

boundary separating annular flow and slug flow in microscale

packed-beds occurs at a near-constant liquid-to-gas flow ratio;

that is, increasing gas flowrate does not reduce the stability of

the annular flow regime. This is in constrast to conventional

packed-bed data, where increased gas flowrate results in lower

liquid-to-gas flow ratio necessary for trickling-to-pulsing tran-

sition. The Charpentier-Favier and Baker coordinate maps both

indicate that the dispersed flow regime occurs at the limit of

large gas and liquid flow rates, analogous to conditions for dis-

persed-bubble flow in macroscale trickle-beds.
In the case of the Baker coordinate map, it is worth noting

that annular regime is observed in microchannel systems at

conditions corresponding to a dispersed regime in macroscale

or conventional systems. Such shifts in expected flow regime

are a direct result of substantial changes in the relative

strength of capillary and gravity forces which dictate flow re-

gime, reviewed in detail by Günther and Jensen.54 The pres-
ent analysis serves to illustrate the need to develop more
accurate hydrodynamic models capable of predicting flow re-
gime over a broad (1023–1021 m) range of hydraulic diame-
ters. It has been well-established that appropriate selection
and/or manipulation of flow regime can lead to substantial
improvements in conventional packed-bed reactor perform-
ance.55–57 Recent studies in microchannel systems demon-
strated equivalent enhancement in reactor performance by
utilizing the churn flow regime in lieu of the annular flow re-
gime used in the present work.58 Thus, more accurate flow
regime models for microchannel systems would enable
manipulation of flow regime to further enhance interfacial
mass transport and, in turn, microreactor performance.

Additional refinements in packed-bed models are expected
to improve design of subsequent microscale trickle-bed reac-
tors. Analysis of the estimated reactant molecular diffusiv-
ities indicate that the Bodenstein numbers span O(101–102)
over the range of conditions investigated (Table 1), suggest-
ing the presence of secondary dispersive effects. The present
experimental system prevented experimental investigation of
actual fluid-phase dispersion, owing to the relatively large
volumes associated with both upstream and downstream
plumbing volume and the presence of the gas–liquid disen-
gagement zone. Thus, the inclusion of axial dispersion is
expected to further refine model accuracy. Additional
improvement in model accuracy is expected by including the
rate expressions for liquid-phase deactivation of singlet-oxy-
gen product. The presently used model accounts for gas-
phase deactivation kinetics only via the simplifying assump-
tion of negligible liquid-phase deactivation, owing to thin
reaction depths within the liquid phase (�1 3 1026 cm).

More critical is the need for re-evaluation of gas–liquid
contacting areas within the microdevice. Model values were
based upon the previously reported gas–liquid contacting
areas obtained for the cyclohexane-hydrogen system in a simi-
lar microscale packed-bed under dispersed flow regime.50 Vis-
ual confirmation of an annular flow regime during singlet-
delta oxygen generation suggests that actual gas–liquid con-
tacting areas encountered in the present work may be signifi-
cantly smaller than expected. Analysis of flow regime maps in
Figure 7 suggest that by increasing liquid flowrate (for a given
constant gas flowrate), onset of the dispersed flow regime will
occur resulting in improved gas–liquid mixing.

Assuming purely annular flow (instead of dispersed-flow)
in the presence of the packing structure, and assuming model
values for el 5 0.08, then wfilm �65 lm and the minimum
and maximum liquid–gas contacting areas can be estimated
from geometry (Figure 8) as:

amin
l�g ¼

2 � tp
zp

� �
� Lpbr � hpbr

2 � epbr

� �
� wpbr � wfilm

� �
� Lpbr � hpbr

¼
20
78

� �
0:4ð Þ� 650�65ð Þ ¼ 1100 m�1

amin
l�g ¼

2 � tp
zp

� �
� Lpbr � hpbr

2 � epbr

� �
� wpbr � wfilm

� �
� Lpbr � hpbr

¼
86
156

� �
0:4ð Þ� 650�65ð Þ ¼ 2400 m�1
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These numbers suggest interfacial transfer areas signifi-
cantly lower than the value of 500021 m used in the reactor
design model. This illustrates the need for continued efforts
to accurately predict flow regimes within the microscale
packed-bed during the design phase as well as the need to
develop accurate experimental methods for measuring gas–
liquid mass transfer. The present microdevice represents a
first step towards achieving both of these goals. Further
reduction in the size of the gas–liquid disengagement volume
for the present microdevice would improve the accuracy of
such mass-transfer measurements.

Although not exploited in the present work, the use of
packing elements formed via reactive extrusion (e.g., DRIE)
from two-dimensional lithography mask features also allows
complete control over placement and shape of each element
without imposing limits on total element quantity. This
packed-bed design strategy represents a logical extension of,
and improvement over, previous fundamental studies in
structured two-dimensional beds constructed from conven-
tional machining.59

Conclusions

This article reports the complete bottom-to-top modeling,
design, construction, and flow testing of a fully miniaturized
trickle-bed reactor system. This system successfully integrates
gas–liquid distributors, structured packed beds, gas–liquid sep-
arator, and cooling channels into one compact microscale de-
vice. The resulting device was demonstrated for the exother-
mic reaction of chlorine gas and BHP to produce singlet-delta
oxygen. This chemistry represented an aggressive test of
microchemical systems capabilities, owing to the highly corro-
sive and reactive reagents, high heat of reaction, significant
gas–liquid mass transport limitations, and subsequent deactiva-
tion challenges of gaseous product. Preliminary experiments
verified the accurate design of gas and liquid distributors, gas–

liquid separator, and cooling channels. The applicability of
well-established pressure-drop correlations, specifically those
of Ergun48 and Larkins et al.49 was verified with water and he-
lium fluids. Observations of the gas–liquid flow regimes within
the structured microscale packed-bed system were compared
with conventional, that is, macroscale, regime maps. This
comparison identified a significant disconnect between macro-
scale and microscale flow regime boundaries in gas–liquid
packed-beds, which provides a basis for further hydrodynamic
and interfacial mass transport studies.

Experimental data verified that the microdevice was capa-
ble of producing singlet-delta oxygen in measurable quanti-
ties, in general agreement with packed-bed reactor models
used for the presented design methodology.20 Analysis of
molecular diffusivities suggests further improvement in
model accuracy may be achieved with inclusion of second-
order dispersion terms. The resulting microscale trickle-bed
system is also expected to serve as a flexible tool for relating
bed and packing geometry to gas–liquid hydrodynamics and
mass transport, and demonstrates a significant step towards
realizing fully integrated, miniaturized gas–liquid and gas–
liquid-solid microreactor systems.
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Notation

a5 inter-phase transfer area (m2)
Cp5 specific heat (J g21 K21)
d5diameter (cm)
D5packed-bed dispersion coefficient (cm2 s21)

DA2B5molecular diffusivity of solute A in solvent B (cm2 s21)
Dei5uncertainty in calculated value i
ha5 convection heat transfer coefficient
k5 thermal conductivity
L5 length (cm)
P5 absolute pressure (kPa)
Q5volumetric flowrate (cm3 s21)
q15 rate of heat addition due to chemical reaction (J s21)
q25 rate of heat removal due to coolant flow (J s21)
T5Temperature (K)
tp5pore throat (m)
vl5fluid velocity of phase i (cm s21)
wi5width of fluid i film
zp5pore spacing, along axial length of bed

Symbols

e5void fraction, dimensionless
l5viscosity (kg m21 s21)
h5wetting angle (radians)

Figure 8. Estimation of gas–liquid mass transfer area,
assuming stagnant, and annular flow.

(a) minimum pore throat; (b) maximum pore throat.
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q5density (kg m23)
r5 surface tension (N m21)

Dimensionless numbers

NBo ¼ vL
D 5 Bodenstein number

NGr ¼ L3q2
airgbDT
l2
air

5 Grashoff number

NNu ¼ haD
k 5 Nusselt number

NPr ¼ Cpl
k 5 Prandtl number

NRe ¼ qvD
l 5 Reynold’s number

NWe ¼ qv2D
r 5 Weber number

c ¼ qg

qair

� �
ql

qwater

� �h i1=2

, Lockhart-Martinelli parameter for cor-
recting gas, liquid space velocities (In
Figure 7).

k ¼ rwater

rl

� �
ll

lwater

� �
qwater

ql

� �2
� 	1=3

, flow parameter for Baker Plot
(Figure 7c).

Subscripts

c5 cooling channels
cap5 capillary pore in gas-liquid separator

g5gas phase
l5 liquid phase

l-g5 liquid-gas interface
p5packing element

pbr5packed-bed region
pdc5pressure drop channels
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