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Legally founded on October 01, 2009, the Karlsrim&titute of Technology
(KIT) is a merger of Forschungszentrum Karlsruhd ammiversitat Karlsruhe. KIT
bundles the missions of both precursory institigioA university of the state of
Baden-Wuerttemberg with teaching and research tasklsa large-scale research
institution of the Helmholtz Association conductinpgogram-oriented provident
research on behalf of the Federal Republic of Geyma

With roundabout 8000 employees and 20000 studemisaa annual budget of
about EUR 700 million, KIT is one of the largesse@arch and teaching institutions
worldwide. The main areas of research include enefgealth, nano- and
microsystems, scientific computing, atmosphere endate, as well as elementary
particle physics and astroparticle physics. In ftaldi material sciences,
communication and information technology, opticsd gohotonics, and mobility
systems complete the KIT profile.

The Institute for Micro Process Engineering (IMMTas founded in July 2001
at the former Forschungszentrum Karlsruhe and isently embedded in the
Helmholtz research programs on “Nano- and Micraaswyst and “Sustainability and
Technology Regarding education, it is associateth whe chemical and process
engineering department. IMVT performs R&D on midrostured components and
systems with channel dimensions typically betweames dozen um and 1 mm for
application in chemical reactions and other proesggneering operations.

Micro process engineering mainly relies on fastt ieansfer and rapid mixing
through reduction of transport resistances by mitucturing of the flow geometry.
These features allow for an improved control of grecess conditions enabling
higher selectivity, space-time-yield and energyicefhcy in many applications.
Microstructured units can be very compact, which geculiar advantage when space
Is limited. Hydrocarbon fuel processing for porgbhobile, or small-scale stationary
fuel cell systems fall into this category. Trandpble, modular plants e.g. for
exploitation of small natural gas reservoirs wobkl a second example. Improved
plant safety by minimization of the reactive invamyt and quenching of radical
reactions through wall effects can be another lieokemicrostructured units. On-site
production of hazardous chemicals avoiding risi®easted with the transport and
storage of such chemicals further adds to the patesf micro process technology
for safe industrial production. And micro proceshnology is one enabling
technology for the paradigm shift from batch to towmous processing in the fine-
chemicals and pharmaceuticals industry targetirsgjefaprocess development and
increased product quality due to improved processrol.

With about 65 employees and an annual budget ajhlguEUR 5.5 million,
IMVT is active in the following fields:



— Design, construction, and fabrication of microstuwed devices for
chemical and thermal process engineering. Exampbdsde cross-flow and counter-
flow micro heat exchangers, electrically heatedrantzeat exchangers, micromixers,
and microreactors. Metals dominate as construghaterials but technologies have
been developed for polymers and ceramics as whk. design of multifunctional
microstructured units is a new focus, for exampleriegration of membranes for
selective product removal or supply of reactants.

— Extensive characterization of microstructured dewic(manufacturing
tolerances, reproducibility of manufacture, ety af the processes performed in
these devices (flow behavior, mixing behavior, heatsfer rates, etc.) including the
development of measurement techniques for in sutastigations in microstructures.

— Optimization of existing techniques and developmainhew methods for
structuring and assembling for the manufactureiofestructured devices.

— Development of functional layers for applicationnmcrostructured devices.
Examples include anti-corrosion, anti-fouling, d¢giaally active coatings, and
membrane layers.

— Demonstration of selected examples of chemical #remal process
engineering in microstructured devices. Applicasi@ne diverse ranging from liquid
phase reactions to heterogeneous gas phase catalydi multiphase catalysis.
Particular emphasis is on energy-related reacsoied as hydrogen generation from
methane, propane, methanol, gasoline and diesdl,canversion of natural gas,
biogas, or synthesis gas to liquids. Another fieldactivity is the energy-efficient
production of emulsions. In many of these applarsi IMVT is working closely
together with companies from the chemical, pharmécal, food, automotive and
energy industry.

Contact information:

Prof. Dr.dng. Roland Dittmeyer

Directorlnstitute for Micro Process Engineering WV
Forschungszentrum Karlsruhe GmbH
Hermann-von-Helmholtz-Platz 1

76344 Eggenstein-Leopoldshafen Germany

Tel: +49 7247 82-3114

Fax: +49 7247 82-3186

E-Mail: roland.dittmeyer@imvt.fzk.de
http://www.fzk.de/
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The Institute of Thermophysics of Siberian Branch Russian Academy of
Sciences was established in 1957 in Novosibirskriiific Center (Akademgorodok).
In 1994 the Institute of Thermophysics was naméer @icademician S. Kutateladze.
Now thelnstitute of Thermophysics SB RAS being one of the leading centers of
the heat transfer theory and physical hydrodynamgslealing with fundamental
research in the following areas:

— Heat and mass transfer in single-phase systemisu(tunt boundary layer,
radiation and combined heat transfer, free-conwadieat transfer, gas screen);

— Heat and mass transfer in systems with phase tmanations (boiling,
condensation, absorption) including those at crpagemperatures;

— Heat and mass transfer in dispersed systems (Pand grainy media,
fluidized bed, swirl dispersed flows, and micropdissed systems);

— Hydrodynamic stability and turbulence (jets and @skcoherent structures,
turbulence models, near-wall turbulence, turbuldsdundary layer, polymer
additives);

— \Vortex flows (swirl flow, vortex structures, Randsieeffect, vortices in
superfluid helium);

— Multiphase flows (gas-liquid flow, film flow, gasasirated boundary layer,
spray flow);

— Wave dynamics (acoustics of two-phase media, neatinwaves in
dispersive media, waves in films, intrinsic wavdstonation);

— Dynamics of rarefied gases (non-equilibrium proesssclusters and
fullerenes, laser ablation, discharge);

— Thermophysical properties of substances (fluoramash solutions of salts,
semiconductors, metals, and oxides; pure substances

— Thermophysical foundations for the production of wnematerials
(Chokhralski's method, jet plasma chemical methobdigh-temperature
superconductive films);

— Modeling of thermophysical processes in heat povestgineering
(aerodynamics in chambers with complex geometmplagstion in a boundary layer,
heat and mass transfer and combustion in a sagld, tombustion of a water-coal
suspense, fluidized bed, circulating fluidized hed)

— Low-temperature plasma (ignition by plasma in pubkex-coal boiler,
plasma incineration of complex waste, methods fodypction of gaseous media).

Several unique experimental techniques have beeriapeed at the Institute: the
electro-diffusion method for the measurement ofsistress and local velocities in a
flow, stroboscopic visualization of particles, LB&stems (including those with fiber
optics), electron-beam diagnostics of rarefied gassd the method of colored



Hilbert- visualization. The Institute possessesiguwe shadow device with extremely
high aperture.

We have a number of unique computerized experirheataps: wind tunnels, a
large hydrodynamic and freon loops, large-scaleuvac chambers “Vika” and
“Viking”, a fire bench with plasma ignition, andsatup for study of thermodynamic
properties of melts.

The successful activity of the Institute is insutedgreat extent to our high-
gualified specialists inclusive 3 academicianshef Russian Academy of Sciences, 3
corresponding members of RAS, 53 Professors, and®P®d.s. The number of
research personnel at the Institute amounts tod&bthe total number of employees
is 490.

The Institute has close scientific relations withreign research centers and
companies in the USA, UK, Germany, France, Italglgim, Norway, Japan,
Poland, The Czech Republic, China, and South K&esare have research contracts
with several world-wide companies such as “Air Ridd and Chemicals”, “Hewlett
Packard”, “General Motors”, etc., “More Energy”rdsl).

Contact information:

Prof. Dr. Sergei V. AlekseenkoCorresponding Membaf the RAS
Director

Kutateladze Institute of Thermophysics SB RAS

1, Prosp. Akademika Lavrentieva

Novosibirsk, 630090 Russian Federation

Phone: 7 (383) 330-70-50,

Fax: 7 (383) 330-84-80

E-mail: aleks@itp.nsc.ru Internet: http://www.itpaxru/
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SIBERIAN STATE ACADEMY OF GEODESY (SSGA)

The Siberian State Academy of Geodesy (SSGAhe oldest in Siberia, was
founded in 1933. Today it is the recognized leaddraining specialists for geodesy,
cartography, cadastre, environmental managemeplpration of natural recourses,
metrology and opto-electronics. There are fouritmgts in SSGA: Institute of
Geodesy and Management, Institute of Cadastre aadgr@phic Information
Systems, Institute of Remote Sensing and Naturabiees Management, Institute
of Optics and Optical Technologies. The graduate$S®GA receive Bachelor’s
(B.S9 and Master's DegreesM(Sc., 2 years after B.Sc.) or qualification of
Engineer’s/Specialist’s Diploma. The SSGA offersietional programs, focused on
geoinformation management for sustainable developmeach with specialization:
digital photogrammetry, urban planning and land imstration and GIS.

The Academy carries out a large volume of researemel the major fields of
them are: surveying, geodetic maintenance for coctsbn and operation of
engineering structures, cartography, GIS techneigdigital and thematic map
compilation, cadastre, photogrammetry and rematsisg, satellite geodesy, optics
and spectrometry, uses of GPS for the purposeppiied geodesy and land cadastre,
and environmental monitoring. The main tendency re$earch activity is to
implement the advanced digital technologies, téieds3D laser scanning, 3D
modelling, GIS and GPS technologies. Besides, taelemy took an active part in
implementing GLONASS/GPS project including 19 refege stations established on
the territory of Novosibirsk Region.

SSGA together with ITE Siberian Fair are the orgars of the international
exhibition and scientific congres&EO-Siberia”, t he first exhibition experience
beyond the Urals representing also innovative dagwreéents oriented to Siberia
subsurface use. Various companies exhibit theihlhigpecialized equipment and
there is nothing like it on the Siberian mark&sEO-Siberia” demonstrated the
growing interest to this event not only in Russi# Bbroad too. It has gained a
merited recognition among professionals of geo-stiguand become an example of
collaboration of professionals and scientists ftamwhole world.

Contact information:

Prof. Dr. Alexander P. Karpik

Rector

Siberian State Academy of Geodesy, SSGA
10, Plakhotnogo UlI.

Novosibirsk, 630108, Russian Federation
Tel: +7 (383) 343-39-37, Fax: +7 (383) 344-30-60
E-mail: rektorat@ssga.ru

Web: www.ssga.ru
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MICROSTRUCTURE DEVICES FOR WATER EVAPORATION
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Summary

Evaporation of liquids is of major interest for ngamopics in process
engineering. One of these is chemical process eagiy, where evaporation of
liquids and generation of superheated steam is atandfor numerous processes.
Generally, this is performed by use of classicall fowiling and evaporation process
equipment, providing rather limited performance. eDto the advantages of
microstructure devices especially in chemical psscengineering the interest in
microstructure evaporators and steam generatorbd®s increased through the last
decade.

In this publication different microstructure dewsceised for evaporation and
generation of steam will be described. Startinghveimple liquid-heated devices,
electrically powered devices containing micro clesnas well as non-channel
microstructures are shown.

Micro channel heat exchangers have been desigreaafactured and tested at
the Institute for Micro Process Engineering of Kerlsruhe Institute of Technology
for more than 15 years. Starting with the famouslidfahe Cube (see Fig. A), not
only conventional heat transfer between liquidgases has been theoretically and
experimentally examined but also phase transitisomf liquids to gases
(evaporation).

Fig. A: Stainless steel crossflow micro channelleeahangers of different sizes.
Front middle: The Karlsruhe Cube
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To obtain more information on the evaporation psscéself, an electrically
powered device for optical inspection of the mitmastures and the processes inside
has been designed and manufactured. Exchangealiddlienenicro channel array
foils as well as an optical inspection of the evapon process by high-speed
videography have been integrated into this tedesysFundamental research into the
influences of the geometry and dimensions of tiegirated micro channels, the inlet
flow distribution system geometry as well as thdate quality of the micro channels
have been performed.

While evaporation of liquids in crossflow and caemturrent flow or co-current
flow micro channel devices is possible, it is, immg cases, not possible to obtain
superheated steam due to certain boundary conglitibhus, a new design was
proposed to obtain complete evaporation and steg@eriseating. This microstructure
evaporator consists of a concentric arrangemenseafi-circular walls or semi-
elliptic walls providing at least two nozzles tole&se the generated steam. The
complete arrangement forms a row of circular blanka example of such a
geometry is shown in Fig. B.

Fig. B: Design of an arrangement of circular blafdtsevaporation

A maximum power density of 1400 k¥im” has been transferred using similar
systems, while liquid could be completely evapatassnd the generated steam
superheated. It could also be shown that the aegraagt in circular blanks acts as a
kind of micro mixer for the remaining liquid and rgated steam and, therefore,
enhances the evaporation.

1. INTRODUCTION

Microstructured devices have become increasinglgontant in thermal and
chemical process engineering within the last yeHEnese devices are often made out
of micro structured metal foils, which are conndctey diffusion bonding. The
hydraulic diameters of the micro channels, gendrateprecision machining or wet
chemical etching, are in the range of a few hundnegulometres.

Metallic microstructured devices provide high pressresistance and small
residual volumes. Due to the size of the microstmas they act as flame arresters or
explosion barriers; thus they are well suited todi@ dangerous or explosive fluids.



The small dimensions of micro channels enable hggly surface-to-volume ratios up
to 30 000 Mtm®, which are about one or two orders of magnitudgdi than those
of conventional process engineering devices. Tigh burface-to-volume ratio leads
to increased heat transfer, the micro dimensionthefchannels to short diffusion
lengths. Therefore, microstructured devices ard waated for operations dealing
with high heat fluxes and rapid mass transfer éikaporation.

Phase transition and multiphase flow in macro chEnhave been intensively
investigated and are well known and understoodnibro channels, phase transition,
related phenomena and multiphase flow have bedialhamvestigated. Most results
presented so far have been obtained with singleomgbannels, sometimes multi-
micro channel arrays have been investigated forr thehaviour in evaporation.
However, results about the phenomena occurring utti micro channel arrays are
often not consistent, depending on the experimesatialp, the fluid looked at and the
measurement methods.

2. METALLIC MULTI-MICROCHANNEL DEVICES

First attempts to evaporate water have been doimg usicro channel heat
exchangers in crossflow design. Manufacturing eséhdevices was described before
in details [1, 2, 3]. Fig. 1 shows different exasgpfor microstructure foils integrated
into crossflow heat exchangers made of stainlessl,sshown in Fig. 2 (left). A
stainless steel counter-current flow heat excharsggmown in Fig. 2 (right).

Several experiments with crossflow devices showatl @vaporation of water is
possible, using hot thermo oil in the heating pgssaf the device. However, wet
steam was generated containing very high percentfgedroplets, and no
superheating could be obtained. This was, at [gasly, due to short residence time
of the fluid and limited temperature of the heatside. Thus, electrically powered
micro heat exchangers have been developed, mauarddcand tested to provide
higher temperatures with good controllability ottpower supplied [7, 8]. Fig. 3
shows three different sizes of electrically powearadro heat exchangers.
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Fig. 1. Stainless steel microstructure foils tariegrated into heat exchanger devices

Fig. 2. Left: Stainless steel crossflow micro heathangers of different size. Right:
Stainless steel counter-current / co-current floarastructure heat exchanger. For
technical details see [1, 3, 5]

With these devices, not only straight rectangularonchannels but also semi-
elliptic micro channels in convoluted or sinusoidadlangements have been tested for
evaporation. It could be shown that, dependingren applied mass flow, either a
single microstructure device or a two-stage-arraregg, which means two devices in
a row, can be used for complete evaporation anéreepting of water and other
liquids [9].



Substantial data on the droplet content containethe vapour flow could be
obtained by a simple photometer setup. A photoetiirwas measured, obtained by
scattered laser light in full reflection from thapour outlet of different arrangements
of electrically powered devices. The amplitude obtp current could directly be
correlated to the droplet content of the vapouwvel as to the vapour temperature [1,
10].
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Technical details can be obtained from [1, 7, 8]

3. MULTI-MICROCHANNEL DEVICE FOR VISUALISATION OF
EVAPORATION

Although evaporation of liquids can be performedcassfully using devices
like those described in section 2, it was still gotte clear which parameters strongly
influence the evaporation process inside a mulgrmichannel system. Numerous
research activities have been done to clarify ttageration processes taking place in
single micro channels (see e.g. [11-15]), but motm&ny research activities have
been dedicated to multi-micro channel array evaposa

An electrically powered stainless steel frame wamufactured to allow the
exchange of micro channel structures as well as agcal inspection of the
processes inside the micro channels using highdspieeography. More details of
the design as well as of an improved device cafolned in [1]. Fig. 4 shows a photo
of the device.

The apparatus design provides the possibility twy different parameters like
temperature, applied electrical power, volume floate or pressure drop.
Additionally, microstructured metal foils — inclumj multi-micro channel arrays — are
exchangeable. Thus, phase transition and multiplilase in several kinds of
different micro channel geometries and arrangemamikl be investigated.



Fig. 4. Electrically powered microstructure devipgviding exchangeable micro
channel foils and a glass lid for high speed vidaply

The method of visualization by high speed videogyapas been applied to
perform initial investigations on phase transitemwell as on the dynamics of gas-
liquid flows in narrow channels [11, 16]. The expental setup used here contains a
microscope in combination with a digital high-spesimera. The microscope is
arranged above the horizontal multi-micro chanagét.

The digital high-speed camera records picturesegfuencies of up to 200 000
frames per second with very low motion blur. Splecanputational algorithms can
be used to analyse these recorded high-speedesx#qguences to extract information
about different phases.

3.1Phase transition phenomena

Phase transition in micro channels is accompanyedelveral phenomena like
vapour plugging or vapour slugging, which occuryotd a minor extent or are not
available in macro channels. Two different typesagour plugging were observed —
vapour plugging at channel inlets and vapour plluggnside of micro channels. All
these observations of evaporation were performéa guid water and related steam
In micro channels with rectangular cross-sectianghie range of about 200 pm
(width) and 100 pum (depth).

Vapour plugging at channel inlets occurs when ggsvapour bubbles, which
have been generated by boiling inside the inletdv@gglomerate at channel
entrances. These bubbles are temporarily fixed exjghnd by capturing small
bubbles. The fixed bubbles can partially be disgbarby micro channels when a
specific bubble size is reached. Consequently, redlaBntrances are temporarily
plugged by bubbles. Fig. 5 shows a picture sequeh@iugged channel entrances.
Gas fractions inside of these channel inlets (iugid in the right picture of Fig. 5.)
indicate bubble drainages by micro channels.

Another type of vapour plugging is the pluggingidesmicro channels. Rapidly
growing bubbles are accompanied by accelerated Idniaings and decelerated
bubble-beginnings. If the motion of a bubble begignstops due to the bubble-
growing, the corresponding micro channel is templgrplugged by vapour. Another
effect of this channel-plugging is the reversafloiv direction of bubble beginnings
caused by explosively growing bubbles. Fig. 6 shawsection of a multi-micro
channel array at different time steps. Fluid floiredtion is from left to right. The
movement of bubble beginnings in both channels edesas continuously until it



stops. At this point (t = 2210° s) both channels are temporarily plugged by staigna
bubble beginnings. Eventually, the bubble beginsistart moving in the opposite
direction to the fluid flow and thereby transpoiquid fluid backwards. Vapour
slugging is also caused by rapidly growing bubblesguid fractions, trapped
between two bubbles, are slugged out of the miblaneel by accelerated bubble-
endings. The contact time between these liquidtibms and the heated micro
channel wall is too low for a complete evaporation.

fluid flow direction

N
»

== Channels plugged
== by bubbles

i~ Draining bubbles

Fig. 5. Vapour plugging at channel inlets, 100%@, tulti-micro channel array is
located on the right side

The above mentioned phase transition phenomenatteamn-uniform fluid
flow distribution in multi-micro channel arrays amdsult in non-uniform vapour
guality at evaporator outlets. Controlling or reithgcthese phenomena results in a
nearly constant phase transition inside of mulegnmichannel arrays and in a related
constant vapour quality at the evaporator outlgf. & shows an example of such a
nearly constant phase transition inside of a nmitro channel array. The parabolic
shape is probably caused by non-uniform fluid floNgtribution at the channel
entrances.

The parabolic shape is due to a non-uniform digtiam of the flow velocity by
the inlet structure. CFD calculations performedha&t Technical University of Graz
showed that it might be avoided by use of a tree-llistribution system at the
entrance of the multi-micro channel array to previequal distribution of flow
velocity to all micro channels and, therefore, gua distribution of the residence
time in the evaporation area. Fig. 8 shows the Culation results for the
triangular inlet void (left) and a tree-like shapeaid (right) [17]. Fig. 9 shows a



microstructure foil with conventional distributi@ystem on the left side and a tree-
like distribution system on the right side. Flowedition can easily be changed with
this foil.

fluid flow direction
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Fig. 6. Vapour plugging inside of micro channeésjarsal of flow direction by
rapidly growing bubbles, 150 °C
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Fig. 7. Nearly constant phase transition insida ofulti-micro channel array at 130
°C

The tree-like system was tested, and, as expetttedharabolic shape of the phase
transition front could be drastically changed tphase transition front more or less
perpendicular to the streamline and the micro cibdimnection.
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Fig. 9. Multi-micro channel foil providing a stardalow distribution void (left) and
a tree-like distribution system (right). Evaporatiakes place in a three-staged multi-
micro channel array (center)

The tree-like structure is designed for branchifighe flow into sub-flows
providing the same hydrodynamic properties at apgitpn in the distribution
system, acting as a bionic distributor. Aside dk,ththe micro-channel arrays are
separated into three stages with connecting vaitieiween to allow evaporation and
superheating.

4. EVAPORATOR DESIGN WITH CIRCULAR BLANKS

Due to the strong increase in volume while the phiansition takes place
evaporation in long straight micro channels is tedi This is based on
thermodynamic considerations. It is, in many capessible to evaporate a liquid
volume flow completely, but superheating is difficuA flow velocity limit,
depending on the temperature and the pressuresittsedevaporation system, can be
obtained [18]. This flow velocity limit providesfrmation on the maximum volume
flow which can be evaporated and superheated ssiaght micro channels.

It is, thus, useful to think about micro evaporalesigns which are not limited
by flow velocity. One possibility is the use of @amtric circular blanks. This new
design consists of circular or elliptically shapedg walls which are arranged
concentrically around a feed hole. Each of the nmglls show two overflow
openings, which act as expansion nozzles. Theipo$if those overflow openings is
changed by 180° from one ring to the next. Fig.shOws two examples of such
microstructures, each generated on a round plate Wv cm diameter. The first



devices have been manufactured from a polymer lwyosstereolithography [1, 2,
19], later devices have been manufactured by poecraicromachining from copper
to obtain higher steam temperatures.

The experiments have been performed using a neetallkpter system to house
the circular blank arrangements. Water inlet arehrst outlet as well as electric
heaters and sensors have been integrated intal#pea system, which is shown in
Fig. 11. Water mass flow was varied between 0.30kj and 1.0 kgOh™, and
evaporation was performed with ambient outlet pressThe electrical heating
power applied was varied according to this mass fenge to obtain full evaporation
and superheating. A heating surface temperaturi¢ ¢ifril70 °C was randomly set,
resulting in an applied electrical power of aboR0W/ and an evaporation power of
600W for the maximum mass flow.

A brief summary of experimental parameters is givetable 1. The differences
between applied electrical power and evaporatiomgp@re heat losses as well as the
power consumed for superheating. It was, at lea#ta existing experimental setup,
not possible to determine the heat losses exadtyever, the power applied for
superheating can be neglected in comparison to whateded for evaporation, thus
most of the difference is most likely heat losses.

Numerous designs have been tested experimentalé.nfain focus was set to
three points: how many semi-circular walls (seripgt walls) are really necessary
for evaporation and superheating, what is the amfae of the position of these walls,
and is there a connection between the steam tetaperand the number and
arrangements of walls?

water inlet

water inlet

Fig. 10. Examples for circular blank arrangemesedufor water evaporation



Table 1. Experimental parameters used for evapporaind superheating with
different geometries

Water mass flow [k¢
[hl]
Heating surface
temperature [°C]
Applied electrical
power [W]
Evaporation power

W]

It was experimentally shown that it is possiblegEnerate superheated steam
with a single sidewall around a circular or ellppblank, if this is arranged at the
outermost circumference of the microstructure inlaysingle circular blank with
sidewalls arranged directly around the water inidit lead to complete evaporation,
but almost no superheating is possible with thimrayjement. Results of further
experiments are given in Fig. 12 and Fig. 13. H#re,outlet steam temperature is
plotted against time for complete evaporation. Tiid style was chosen to show the
transient behaviour of superheating. In all expenta the flow velocity of the steam
was increased drastically due to an increase inmvelby the evaporation inside the
circular blanks. Maximum flow velocity and maximwuperheating temperature are
coincident, which is shown in both figures Fig. 4&d Fig. 13 by reaching the
saturation.

Fig. 12 shows the outlet steam temperature obtam#dthe same water mass
flow of 0.7 kgCh™ and the same electrical power. It is obvious #waporation and
superheating can be obtained with the sidewallanged at the outer limit of the
circular blank, but not with those arranged atitimer limit.

L\

0.3 0.5 0.7 1.0

130 140 155 170

254 407 560 820

190 306 430 600

Fig. 11. Test adapter system to house copper airtalénks
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Fig. 12. Results obtained with two different sidéhaarangements, obtained with the
same electrical power and water mass flow. Onlyatin@ngement of sidewalls at the
outer limits of the circular blank leads to steamperheating

More experiments showed that the number of sidevallstructures inside the
outer limits of the circular blanks influences et temperature of the steam. At the
same water mass flow of 1.0 kgh* and the same electrical power applied three
different arrangements have been tested for tlagaaluility to generate superheated
steam. It was shown that a slight superheating pessible with a single sidewall
arrangement at the outer limits. Higher temperatunave been obtained when
several inner sidewalls or structures have beed.uBee same results have been
obtained with circular sidewalls, as it is shownFig. 13. Similar results have been

obtained with elliptic sidewalls.
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Fig. 13. Steam outlet temperature obtained witfeddht numbers of sidewalls

The plots in Fig. 13 show that the steam tempegatar decreasing with
decreasing number of sidewalls, and that steamrise@ing is very limited with a
single sidewall arrangement at the outer blanktlifo higher temperature is



possible, no matter what electrical power is ajpliehis can partly be explained by
an increase of the evaporation pressure for largerbers of circular blanks, but the
pressure difference between the two structures fmsetthe red and the blue plot are
within measurement uncertainty. Thus, more expearimdave to be performed to
clarify the influence of pressure inside the ciatublanks. However, the temperature
shown in Fig. 13 was measured at ambient pressure.

The plots shown in Fig. 12 have been obtained wilibwer water mass flow of
0.7 kgh™. Thus, a mass flow limit for the use of a singtéewall arrangement for
superheating seems to be somewhere in between@Zhk and 1.0 kgOh™.
According to this finding, an optimum design inner of evaporation, superheating
temperature and pressure drop can probably beedkefor every mass flow range.
However, more work has to be done in future to fihd optimum and to define
perhaps a theoretical model description which alevpre-calculation of the design.

5. CONCLUSION

Several metallic microstructure devices with maiicro channel array
arrangements for evaporation of liquids, especialigter, have been designed,
manufactured and tested. Fluid driven devicesassffow and counter-current or co-
current design are quite limited in temperatureevilectrically powered devices are
much more flexible to use. A special device wasegated to allow optical inspection
of the evaporation process through a glass lid igi Bpeed videography. Several
evaporation effects like micro channel plugging éndeen visualized, and different
designs of the inlet for flow distribution into thmicro channel array have been
tested. It was found that long straight micro cl@smare not optimal for evaporation.
Thus, a new design based on circular blanks ineudiumerous circular or elliptic
sidewalls at different positions have been tesltedlas shown that full evaporation
and some superheating could be obtained with desgide wall at the outer limit.
This arrangement is only suitable for a certain sié®w range, as it was shown.
Further investigations will be done to optimize trerformance and to allow a pre-
calculation of the design to the desired mass fasmwell as to the superheating
temperature.
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FROM MACRO BATCH TO MICRO CONTI: ECO-FRIENDLY PROCESSES
AND NEW PRODUCTS THROUGH MICRO PROCESS ENGINEERING
TECHNOLOGY

Prof. Dr.-Ing. Stephan SCHOLL, Germany

SUMMARY

In recent years micro process engineering equipraadtproduction methods
have gained significant attention and increasingliegtion in the process industries.
Typical characteristic dimensions range from 10tart000 um. Processes operated
In geometries of this size exhibit a number of adla@ges compared to macroscopic
structures: Mixing and reaction may be acceleraigphificantly, heat and mass
transfer intensity may be increased allowing a mtighter process control. The
limited equipment holdup of micro manufacturing & reduces the hazardous
potential for safety-relevant and toxic substandgstical components may be
produced in-situ and converted immediately aftat.tihlso from the perspective of
production concepts micro conti manufacturing affgpecial opportunities compared
to macro batch production.

Continuous micro production plants may also resuftignificant reductions of
the environmental impact connected to the prodoctiemand for chemical cleaning
agents, amount of waste water and rinse water 4saw®ther aspects relate to the
holdup of the production facility. Reducing this yril@ad to significant reductions in
the environmental impact as well as operating comtsiected to that.

The advantages and possibilities due to the usei@b process engineering is
demonstrated for two examples: the continuous naetwifing of writing ink and the
crystallization of solid lipid nanoparticles (SLMp novel drug carrier systems. For
writing ink a macro batch production process waangferred to micro conti
manufacturing. The specific waste water productioay be reduced by > 98 %
compared to the standard macro batch process. idaaly the manufacturing
scheme proves to be very flexible with minimizeddarct losses. For SLN systems
the cooling rate in the crystallization step provesbe crucial for optimizing the
product properties: a high capacity, morphologstability as well as targeting and
release properties have to be met at the same Biatke.processes — SLN and writing
ink — are solid-containing liquid phase procességwin the past has been one of
the major obstacles against the use of micro psoEhnology. With today’s micro
processing components and equipment capacitieggfrgm 10 kg/a to 1000 t/a (in
special cases even higher) may be realized wittmayr problems.

Micro process engineering potentially opens the w@ybetter products and
superior processes for their manufacture. Therstiisa strong demand for more
research and development in various areas, onghpraent side as well as on the
process side. Development and commercializatiomiofo-sensors with minimized
dead-volume and capable of being integrated intyoysystems is crucial, pulsation-
free pumping in the range of 1 L/h to 100 L/h stélllls for improvement. This
presents market chances as equipment manufactesgscially for small and



medium size enterprises. On the process side aféraftom macro batch to micro
conti in many cases requires recipe modifications nieet micro processing
constraints. Additionally new process control &gis need to be tested and
implemented to allow optimum leverage of conti nfacturing advantages.
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RECENT ADVANCES IN HETEROGENEOUSLY CATALYSED PROCESSES
FOR ENERGY RELATED APPLICATIONS

P. PFEIFER, O. GORKE, P. PIERMARTINI, S. TAURO, J. THORMANN, R.
DITTMEYER

Karlsruhe Institute of Technology (KIT), Institubé Micro Process Engineering
(IMVT)
Herrmann-von-Helmholtz-Platz 1, 76344 Eggensteiopgaddshafen, Germany
www.kit.edu / www.fzk.de/imvt-en

SUMMARY

Microreactors have gained attention over the hast decades with respect to
process intensification due to their enhanced raaskheat transfer characteristics
and as well due to their low inventory of reactamkeen reaction rates are increased.
IMVT has identified this potential for energy reddtapplications as early as in 1997
and started projects on hydrogen and syngas piodu&everal methods for catalyst
application to microchannel walls have been dewdofor enabling the conduction
of heterogeneously catalysed processes in micransac

Within this contribution, an outline of differentqresses and recent advances
will be given in the field of catalyst preparatidrydrogen from hydrocarbon fuels as
well as for fuel synthesis from syngas. Additiopallecent results will be shown
about of conducting heterogeneously catalysed igasll reactions, e.g.
hydrogenations, and exothermic equilibrium readicoch as water-gas shift and
oxidation of SQ.

Introduction

Fuel cells allow the direct conversion of chemicalto electrical energy.
Efficiencies above the Carnot efficiency of comistengines can be reached.
However, for low-temperature fuel cells hydrogemagquired. The problem so far is
the storage of H Even with optimized metal hydride materials owrtgpes of high
pressure or cryogenic liquid tanks, the weight aotlme of the entire hydrogen
storage system is higher than for conventionalsfyig]. Thus, the use of hydrogen
leads to in a lower range of vehicles in compartsoan internal combustion engine.

H, production from hydrocarbons in a chemical process site is also
problematic. Since H demand can vary significantly over time, the gyste
components like reformer and heat exchangers habve table to cope with highly
dynamic operation, and a high efficiency is reqiir€his kind of operation is not
possible with conventional chemical reactors, &y thre optimized for steady state
operation.

The Institute for Micro Process Engineering (IMVdgvelops microstructured
devices, which consist of several thousands oferitrannels in metals since 1989.
With the help of nanostructured catalyst layersh@nchannel walls these devices can
be used as reactors. Due to the small distanceebatwthe micro-channels, the
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temperature of the hydrogen production system eamdtablished within seconds.
Extremely high amounts of heat and mass can bsf&ard in a short time. Thus, the
equipment size, weight and energy losses can heeddio a level that the overall
efficiency of the system for generating of, ldan almost reach the theoretical
efficiency [2, 3].

Direct coupling of an exothermic reaction to theda&hermic hydrogen
production is favourable for the design of the ptoduction system. Heating of
reformers via externally generated hot flue gashbgnogeneous combustion is not
feasible, since the hot gas temperature must ber&mhby additional air dilution to a
level below 1000 ° C to avoid damaging of the nietahicrostructure. An important
aspect is the formation of coke at specific reactemperatures. However, for the
production of clean hydrogen in microreactors aydted "plugging" of micro-
systems with coke seems feasible.

The second energy related application, which igm@fat importance for the
future, is the conversion of syngas into liquidl$uaVith around 25 % of world’s
proven natural gas reserves located in remote arsisore, conversion so called
“stranded gas” into transportable fuels and chelsicalls for new technologies. The
Fischer-Tropsch synthesis is now a commercial payhfer the conversion of natural
gas to transportation fuels. However, for offshgmeoduction, the conversion
technology should be compact, modular and have \aight. Microstructured
reactors enable for example isothermal operatiothefhighly exothermic Fischer-
Tropsch reactions (165 kJ/mol). Hence, microstmactueactors could be especially
suitable for highly active Fischer-Tropsch catadyst

A highly efficient generation of fuels and platfomhemicals from biomass with
respect to energy balance and resources is negégssaroid competition of fuel and
food. Second generation biofuels and biochemigads,the conversion of gasified
biomass to fuels and chemicals, would in principt@ble a much higher biomass
utilisation compared to processes like fermentatadncorn. However, product
shaping in the synthesis is difficult due to massdfer limitations and hot spots
occurring in conventional reactors. Therefore newvelbopments at IMVT comprise
also systems for methanol synthesis, direct di-yhedlther synthesis and high
temperature / high pressure shift reactions.

A specific point which is addressed by IMVT for tladter type of reactions is
that most studies in literature refer to just kegpihe reactor temperature constant
and thus enabling isothermal operation conditioRgr exothermic equilibrium
reactions, such as the water-gas shift or methsymihesis, this is, however, not the
optimum temperature profile. The initial rate isinia influenced by the Arrhenius
dependence and thus high reaction temperaturegasoairable. With increasing
conversions, the approach to equilibrium, howewdt reduce the rate considerably
and a lower reaction temperature should be employad maximum rate r as a
function of the conversion X can be found by Iejti?ﬁL(TL) =0.

By using counter-current cooling in microreactothe optimum falling
temperature profile may be approximated in an #ffec way. Laboratory



microreactors are usually small in size, i.e. cleghdength is below 10 cm, so heat
conduction in the microstructure may significantiyntribute to the heat flux along
the reaction zone. If this axial heat flux is withihe range of the heat to be
transferred, the desired temperature gradients meagignificantly reduced. On the
contrary, the conductive heat flux in the microstane can be used on purpose to
establish a certain temperature profile, but dubedact that the heat production rate
Is usually decreasing with increasing conversiagatiremoval by effective cooling
may be higher than desired at the reactor outlet.

Coupling Exothermic and Endothermic Reactions for H-Generation

Figure 1 shows the dependence of the pressurealodsthe stack height -
equivalent to the size of the reactor - dependingh@ number of microstructured
metal sheets for a gasoline reformer with a flues deeating (homogeneous
combustion of gasoline). The calculation takes iatount full conversion for
reforming. The two different flue gas fluxes (3&Bd 12.5 kg / h) for the pressure
drop calculation are equivalent to different irtietnperatures (850 °C and 1 100 °C)
and temperature differences between inlet and toaflehe flue gas, respectively.
With a low mass flow of flue gas, equivalent toeyhigh inlet temperature of the
flue gas and a possible damage of the microstreiceupressure drop of 30 mbar can
be achieved with a number of 70 metal sheets. @mother hand, with a higher flux
the boundary conditions for the maximum size ofréfermer can not be obtained.

Due to the problem of optimization of the presdoes in combination with the
flue gas temperature, we consider that a direcplomy of an exothermic reaction
with the endothermic steps in hydrogen productiormicroreactors is absolutely
necessary. A total oxidation could be carried dubearly-stoichiometric condition
without a temperature maximum as occurring with bgemeous combustion.

A schematic of the overall process for the produrctf H, for fuel cells from
liquid hydrocarbon mixtures such as Diesel undergtovision of a combined endo-
and exothermic process for steam reforming is shiowfigure 2. The fuel is mixed
with evaporated water and converted in the reformigr a hydrogen rich gas. The
reformate is cooled, and is cleaned, for exampjesiuft reaction and selective
oxidation to remove carbon monoxide (CO). The delamas is used for the
production of electrical energy in a PEM fuel c&he residual Blin the fuel cell off-
gas can be burnt and used for heating and evapormitithe reactant flows or to meet
the energy demand of the steam reforming.

Taking into account the efficiency of the individlusteps yields an overall
efficiency, including that of the fuel cell, of 22. This is significantly higher than for
a system of diesel engine and generator [4] wiA.
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Figure 2.Flowchart of the overall system for generating &ieal energy with direct
thermal coupling of combustion and evaporation @mtlensation on the example of
diesel steam reforming

However, in order to perform such a coupling of @hdrmic and exothermic
reactions, the system must be optimized for opmrawith the evaporator and the
reformer. Because of the different reaction ratesambustion of hydrogen (the
anode exhaust of the fuel cell included) and refognthis is not trivial. To start a
system from ambient temperature requires a veryecioble metal catalyst. With
such a catalyst the hydrogen conversion can be Vasy at final operating
temperature of the reformer, i.e. in a few millierst of microchannel length full
conversion can be reached at a residence of omys.3Steam reforming, which
requires according to our experience 50 to 300as&lence time [5, 6], possesses a
fundamentally different heat demand. To balance sgjpply and demand, hydrogen
can be mixed with air in sections. To be able tétamze heat generation and



consumption by this procedure, kinetic models azeded. Power law models or
elementary step models are produced in collabarauh other research groups.
Isothermally designed experiments in test reactohngre the catalyst layers are
produced on exchangeable microstructured sheetg $er the verification of the
models [7, 8].

In addition to maximizing the volume fraction oftalyst, an important aspect is
the optimization of the catalyst productivity. Thess ratio of catalyst and reactor
volume or weight of microstructure reactors is eathow [9]. We have already
achieved values for the catalyst productivity of P40 Gydrocarbon/ (Gea). The
productivity and the volume fraction ultimately ¢ on a minimization of system
weight, the ratio e/ Fi, i.€. the mass of steel from the reactor in refato a given
hydrocarbon flux. This ratio should be in the ranfj@bout 5 geeh / Ghydrocarbon

IMVT

Figure 3.Hydrogen distribution holes with increasing spadimgpproximate the
heat demand of methanol steam reforming

Figure 3 shows, based on modeling, the distribubioimterconnecting holes for
hydrogen transfer into the channel for the conduactf the exothermic reaction. In
this design the consideration of the pressure lasshe hydrogen distribution
channels below the transfer holes and the pressssan the combustion channel in
relation to the pressure loss in each transfer isal@mportant. The intended flow per
transfer hole should be equal. An alternative eodsign shown by etching is the use
of even smaller holes made by laser structuringanifdes of such reactor designs
can be found in our publications [10]. Since thie 4@cale systems either combine
reforming or evaporation and heat supply, the hesdes may, depending on the
temperature level of the process, be between nelglif.0] and dominant [11].



Example: pure hydrogen from cracking propane

The opinion prevails that coking or hydracarbonckirag reactions are not
compatible - in the sense of avoiding solids andoeated plugging - with
microsystems. However, we only observed coke faonah substantial amounts in
steam reforming of diesel and ethanol, although kas not led to blockage of the
channels. This is even valid for situations whea vapor dosage failed during the
experiments. It appeared that in this context, dtability of the catalyst and the
choice of the reactor material is more importamtr Example, systems comprising
alumina were irreversible damaged in absence ahst&vhereas cerium oxide layers
showed no reduction in catalyst activity. We atitéo this to the reported cerium
oxide oxygen storage effect [7, 8]. A complete regation of the cerium-based
catalyst systems was possible by short-term oxygeatment at reforming
temperature. Nicrofer 3220H or the American Allo§O8H show little catalytic
function to form coke and low adherence of cokelevstainless steel well promotes
coke formation.

Based on this experience, a system was built tadssl specifically for the
cracking reactions of propane for hydrogen proauctiAn advantage of this
technology was that the reaction product almostusiely consisted of hydrogen
gas. The catalyst system was a vanadium oxide ddetdeless steel net integrated in
a Nicrofer reactor. The stainless steel catalyzes#ial coke formation and coke
itself becomes the active catalyst. For a permarmoduction of hydrogen,
regeneration of the catalyst is required, i.e.east two separate reaction zones for
cracking and regeneration are needed. These zavestd be alternatively switched.
For additional warming-up and maintaining the opegatemperature, combustion of
the fuel cell anode exhaust gas or of the reganearaikxhaust gas is necessary. The
exhaust gas from regeneration is mainly contaimadon monoxide. In principle,
the following two reaction equations are valid éoaicking and regeneration.

CHg=4H +3C AHg = + 104 kJ/mol gHg (1)

3C+15Q@=3CO AHg = 3 * (- 110.5 kJ/mol C) (2)

Figure 4 shows the basic structure of the devel@mgératus and a photograph
of the system which was designed for a flow rat& &f / min. The reactor contains
alternating stacks of four pieces of steel net @l microstructured plates for the
dosing of combustion air into the combustion ch#néhe orientation of the steel
net changes after each combustion zone by 90° &b tito passages, one for
regeneration and one for cracking are formed.
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Figure 4.Stacking sequence of cracking reactor (left) amatqjraph of the cracking
reactor (right)

Currently, the time requirements for regeneratind #or cracking are different.
The regeneration phase is about five times longgn the cracking. In addition, the
required length of the steel net is significantipier, i.e. carbon deposits are found
only at the entrance. Thus the total number of irequpassages and switching
actions are higher. It is necessary in the curdestgn to burn considerable amounts
of anode off-gas to maintain the temperature ofsystem due to the different time
scales of regeneration and cracking (for deta#s[$2]). The design for such reactors
has to be modified in the future.

Examples from XtL Technology

For the production of liquid synfuels from biomag=edstocks and low-
hydrogen fossil raw materials (XtL), water gas shift reaction step carried out at
high pressure and temperature may be advantageousrfimizing energy losses. If
gasification yields an insufficientHCO ratio for fuel synthesis and high pressure can
be applied, subsequent gas cleaning and water lgtissbould be carried out at
elevated pressure and above the temperature Ietred synthesis.

For the laboratory tests a new microstructuredtogadesign was built, which
allows testing of catalysts powder in a micro fixestl or as sheets with channel wall
catalyst coating at elevated pressure and temperéip to 50 bars, 600 °C). The
catalysts investigated so far have been appliedadiscoating. The catalyst systems
Pt/CeQ, Pt/CeQ/Al,O; (Fig. 5) and Ru/Zr® have been produced by incipient
wetness impregnation and sol-gel technology.



Figure 5.Scanning Electron Micr0|mage . applig@&0,/Al ,0; coating
on 200 x 200 pm microchannels

The platinum catalyst systems were shown to behhigttive under operating
conditions above 400 °C, and equilibrium yieldsC@), can be reached at 500 to 600
°C. At elevated pressure, the reaction rate inexedsie to increased partial pressure
of the reactants (Fig.6). We found negligible hy@dnmdon product concentrations
such as methane which would be thermodynamicathaaive under the process
conditions. Also coke formation happened in therareactor inlet which has been
found to be formed in the gas phase during heatipgthe gas mixture. The
Ruthenium catalyst system enables high reacti@s ta¢low 400 °C (see also [13]).

Equliibrium

ambient
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350 400 450 500 550 600
Temperature (Reactor) / C

Figure 6. Measured yields of GOompared to equilibrium values for the
Pt/CeQ/Al,O; coating at different pressures, modified residdgime of 4e-4
g*min/cmS, and a feed composition of 32 % CO, 10 %,CI8 % H, 10 % N, 30 %
H,O

In the conversion of syngas to methanol, the agpiessure is usually around
50-100 bar, since the thermodynamic equilibriuranigavourable at lower pressure.
In terms of the chemical equilibrium shift, an optito methanol separation arises, by
simultaneous conversion of methanol to di-methyieet(DME). This one-step



process for DME synthesis is thermodynamically favorable, and a higher CO
conversion rate can be achieved over hybrid caslysven operating at lower
pressures and higher temperatures than a two sbepgs. However, there is a clear
increase in the potential for thermal runaway & tatalyst bed due to the lower
methanol partial pressure and the associated CQecsion rate increase. The
application of micro-structure reactors would reslticis risk considerably, and thus
process intensification with optimized process domas seems possible. The
advantages may be useful for compact GTL (gasjtae) or remote BTL (biomass-
to-liquid) applications.

Various methods have been investigated for the sigpo of a mixture of the
methanol synthesis catalyst and the dehydraticalysit For the preparation of the
methanol synthesis catalyst Cu/ZnQf{d we followed a method of stepwise co-
precipitation of the metal nitrates at elevated gerature of 65°C [14]. For the
dehydration catalyst we performed direct@®@J deposition by a sol-gel synthesis
developed in our institute [15], and alternativehZz SM5 catalysts were produced by
hydrothermal synthesis.

000 x ——20 ym——

Fig. 7. Applied H-ZSM5 crystals on pre-coated stainless steel sheets with sol-gel
generated alumina and silicalite seeds

From XRD we have found that the alumina preparedddygel and calcined at
different temperatures showed no transition from #morphous state into gamma
alumina up to 700 °C, but was converted into thHeadend alpha phase at 800 and 1
000 °C respectively. This is in agreement with amiaodesorption experiments
where we found also negligible acidic function. THESM-5 instead, created by
growth on silicalite seeds, exhibited good crystall and reasonable acidity but its
growth on stainless steel plates was much morediff Alimost homogenous growth
of the zeolites has been reached by initial solamting, followed by silicalite
seeding and hydrothermal synthesis of the H-ZSM§. (F. For the copper catalyst
system we obtained compositions of 65/25/10 wt%CafD/ZnO/ALO; with BET
surface areas of approximately 128gn



Shaping reaction rates for exothermic equilibrium eactions

As stated in the introduction, microreactors caferomore than just enabling
isothermal conditions. For exothermic equilibriueactions a decreasing temperature
profile would be advantageous for following theioptm trajectory of the reaction
rate in the conversion-temperature plot. For, S&idation we used a model
developed in cooperation with Fila et al. [16] totially judge the heat flux to be
transferred from the reaction zone to the coolifganoels. It was clearly
demonstrated in that publication that too effectbe®ling in countercurrent mode
could lead to quenching of the reaction — startiog the reactor outlet.
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Figure 8.Calculated temperature profile in $Qxidation inside a stack of 200 x 200
pnm channels in 300 um thick foils for reaction andy one for cooling; temperature
as a function of the reactor length and, rectamgimdhe direction of heat transfer

(reactor height)

To avoid such quenching, a more detailed investigaif the importance of the
axial heat flux along the reactor is needed. Ingahg a stack of multiple
microstructured foils for the reaction and only @oeling foil, the result was that the
effect of quenching can be avoided. The semi-poroody model gave us an
indication that an increase of the foil ratio (@&t vs. cooling) increases the axial
temperature gradients, while the temperature oktaek of reaction foils in such an
arrangement remains almost constant at any axstigo in the direction of the heat
transfer (see Fig. 8).

In the water gas shift reaction, so far, we usddnatic rate expression for a
copper catalyst system [17] with the pre-exponénfi@ator adjusted to obtain
conversions close to our experimental results. Mmbeel suggests that the expected

conversion for a linear decrease of temperatuadase the conversion for isothermal
operation both for low and high operating tempemftig. 9).
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Conclusions

The current contribution shows that microreactehitmlogy has great potential
for energy related processes. Two major applicatiare in the focus at IMVT:
hydrogen production for fuel cell applications dndl synthesis (XtL). The demand
for compact systems in both applications, howewveay only be fulfilled by
advanced catalyst design enabling high reacticgsrahd by optimized temperature
profiles in the reactor. The latter is of great ortance for exothermic equilibrium
reactions. Finally, we see potential collaboratmssibilities in terms of catalyst
preparation and kinetic studies with Russian reteas.
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CONTACTING OF IMMISCIBLE LIQUIDS USING MICROSTRUCTURED
DEVICES

Manfred KRAUT, Andreas HENSEL, Roland DITTMEYER, Ge rmany
Key words: microstructured device, emulsion, micro mixing

Summary

Contacting immiscible liquids is an important task food processing and
cosmetics, as well as in chemical and pharmacéutidaistry. Interfacial area is
created by hydrodynamic effects, which can resulhe formation of droplets. Either
these are stabilized, for example by emulsifiersrensurface of the droplets or, in
the case of phase transfer catalysis, the statioizaf the surface is not intended.

Microstructured devices have been applied to gémexmulsions in all of the
above mentioned areas. In the contribution exampleshese applications are
presented.

In food processing a specially designed devicenfbing and homogenization
has been successfully applied for milk homogeroratSavings in terms of specific
energy consumption per unit of processed milk reenbachieved. Besides that the
process can be simplified by eliminating now obsolprocess steps resulting in
lower capital and operating cost.

Microstructured mixers have also been successfulyplied in the
manufacturing of cosmetics. Major improvementsombgeneity as compared to the
conventional process have been achieved. Convahtmanufacturing in cosmetics
industry is batch processing resulting in qualigyriation per batch, while the new
process on the basis of microstructured devicascentinuous process which results
in stable and reproducible product quality.

Solid wax globules have been produced using miarotred devices. In this
case the stabilization of the particles has bedneaed without addition of an
emulsifying agent. With the microstructured devideis possible to dilute and cool
in the exact location of droplets formation thereftabilizing the droplets and
inhibiting coalescence.

Introduction

Emulsions are ubiquitous in our life. They are foun food, in drugs, in
personal care products. When they are well defipedple won't even suspect that
they are no homogeneous liquids. However it isdoynbt trivial to make high quality
emulsions. This is partly due to the devices inowhthey are made. If emulsification
Is done in big stirred tanks, the shearing, whichhie responsible effect to enlarge
surface area, is different for each differentialumee of said tank. To ensure good
guality the residence time (=stirring time) has®chosen so that all droplets have
been through the area with the highest shear stiteisstherefore straightforward to
think of devices which ensure similar forces actomgeach liquid volume within a



very short time. The result would be saving of ggeand guaranteeing of good
product quality.

At the Institute of micro process engineering waked with several partners in
a number of projects to achieve emulsions with sapg@roduct quality by using
micro channel devices.

Devices

a) V-type micro mixer

These mixers are made by stacking foils which aierastructured with
channels. The fluids are distributed into the cleémand the ensuing streaks exit the
structure in a pitch of 45 degrees. The contaasngchieved by the stacking. Since
the streaks exit under an angle secondary flowceffmcrease the surface area. An
added advantage of this design is the ability ol/gling the same environment for a
vast variation of flows by the simple means of gsimore or fewer foils per device. A
standard flange adapter has been designed to #llewariation between 1 and 34
foils per stack.

Figure 1. Schematic drawing of a typical micro-mjxesed for emulsification: V-
Type Micro Mixer

b) SHM valve

This type of device has been developed in clospa@bion with the Institute of
Food process engineering of the University of Kahe, KIT. The device
incorporates a nozzle, which is in fact a microreted, and channels perpendicular to
the entrance nozzle to enable direct mixing afterrtozzle’s exit. Here primarily the
elongational flow at the nozzle is responsible o deformation and breakup of
droplets, while the mixing step is preventing ceaénce by dilution with providing
emulsifiers simultaneously and furthermore by shetgess in turbulent flow, which
results in stabilizing the emulsion.
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Figure 2.Principle design of the simultaneous homogeniz and mixing valve
(SHM valve) [14]

Experimental

In the course of this contribution a few examplethe application of the micr
structured devices are shown. In Fig. 3 the bage®mental setup is demonstrat
which consists of membrane piston pumps for thé fand the aqueous [se
respectively as well as thermostats for temperatorgrol and the equipment
provide flow, pressure and temperature informa

Micro Heat Exchanger
Thermostat

Micro Heat
Exchanger
A . —
queous _@

Phase %
NN Product
RS B CET
Fatty (e N
Phase —P=@_____. N2/ I
Micromixer

Figure 3.Basic experimenl setup for producing emulsic

The emulsions produced are characterized by measuhe droplet and
accordingly particle size using a Laser diffractgpectrometer (Beckman Coult
LS 230). To characterize the droplet collective tlodume size distributions we
used. As a measure for the physical stability (oieg) the maximum drople
diameter of the volume size distributiog 3 is depicted, which means the higher
maximum droplet diameter, the lower the creamiadisty.

Furthermore, in case of cosmetic emulsions the mymaiscosity is measure
by a Haake Rheometer (Rheo St 1) with a coneplate system for characterizati



Application example: cosmetic formulation

Two cosmetic formulations are chosen to be desgriimdow. In conventional
production these formulations are produced by uaingtor-stator system in a batch.
Recurrent problems occur by this procedure, whicdn dbe observed in
inhomogeneous products by oversized droplets atyats containing air bubbles. In
addition, a selective adjustment of the viscoség aot be achieved, also because of
the previous problems.

Using a symmetrical V-type micro mixer at differdiowwv velocities resulted in a
very homogenous distribution of small fatty droplet the aqueous matrix. The
resulting product was applied by test persons topaose it with the conventional
product. The result of the evaluation of the migrxed formulation by test persons
obtained an equal quality compared to the conveatiproduced formulation, which
addressed successfully the issues of our projethgraTo interpret the results one
has to consider the spatial and temporal distioutif shear stress. In the rotor-stator
system the shear stress varies both with respdot#ébion and time. The permanent
alteration of stress can be beneficial and is oren but it can also lead to
inhomogeneous distributions depending on the sygtgueous phase, fatty phase
and emulsifier) and the conditions applied. As gqgabto that the shear stress in
using a micro mixer is constant in both respecisirization of the emulsion can be
done by altering the shear stress by varying tw flelocity. This will result also in
a variation of pressure drop, the source of energiycrease surface area.
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Figure 4. Microscopic photos of a fat/water-emuisibeft-hand side: Produced by a
rotor-stator-system, right-hand side: produced ypé micro-mixer

Another investigated cosmetic formulation was arulsman containing solid
crystals. Like in the former example using the r&t@tor-system was not yielding
homogenous product. Using a V-type mixer a verye ndistribution could be
achieved (Fig. 5). The emulsion created using tleeanstructured device show also a
better long-term stability, another important pmapef the product. This is due to the
absences of bigger droplets which tend to impaetuiscosity in a negative way,
since the product is not in a thermodynamic equilib, but in a metastable state,
due to kinetic hindrance. The shelf live of the darct is an important economic
metric for cosmetics manufacturers, and is evatlbyedetermining the viscosity.



Figure 5. MICFOSCOIC phtdé of a fat/water emuistontaining solid crystals: Left-
hand side: Produced by a rotor-stator-system,-hght side: produced by V-type
micro-mixer

Comparing the methods of production, rotor-stay@tesm batch-wise vs. micro
mixing continously, it can be observed a majorat#hce in containg air bubbles in
the product. Producing cosmetic formulations byrostator systems it is difficult to
prevent inserting air into the product. In cas@mfduction by micro mixing devices
no air bubbles can be observed in the ready prqdeetFig. 4 and Fig. 5).
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Figure 6. Progress of viscosity over time dependimghe pressure loss at time of
production for four samples of a cosmetic formwiatmade by a micro structured
mixing device (V-type micro mixer)

Viscosity is often a major measure for quality afsmetic products. Both
influence the formulation and the manufacturing ot the viscosity and thus the
quality of the product. While it is used in batcBei operation, despite strict
manufacturing processes, different viscosities loé fproduct are obtained. In
continuous operation using micromixers under cerdgierating conditions consistent
viscosities can be achieved. Looking at the opsggiarameters of pressure drop (see
Fig. 6), one realizes that we obtain with increggmmessure drop over the micro-



mixer an increased viscosity in the product. Thasoas can be found in better
homogeneity and smaller particle size (see Fig\diFag. 5).

Application example: Milk homogenization

In case of milk homogenization high pressure homagpes are broadly used.
Milk is homogenized in order to reduce droplet siné thus to prevent the formation
of a cream layer during storage time. The mean eliamof the fat droplets in
pasteurized milk has to be well below 1 um. Theun@ based averaged fat droplet
diameter %, in raw milk being in the range of 4 um is usuatyuced to 0.6 ... 0.7
nm [1]. Conventional processing comprises homog@dioiz in one or two stages at
pressure levels between 100 and 200 bar and tetapgdetween 50 and 70 °C [2].

In order to adjust the fat content to the requivedle for specific product
gualities, raw milk is separated prior to homogatian into a low-fat (0,03...0.3
vol.-% fat, ‘skim milk’) and a fat-enriched phas39(..42 vol-% fat, ‘cream’) using a
separator. Cream must then diluted with skim nollatfat content of 12...17 vol.-%
and homogenized [3]. The target fat concentratiprioo example, 3.5 vol.-% in full
cream milk is achieved by a second mixing step mctv the homogenized fat-
enriched phase is diluted again with the low-fatrsknilk phase. This step-wise
process is called partial homogenization (see Fiteft-hand side).

This two-step re-mixing process interrupted by higéssure homogenization is
required as to date cream of fat contents highan th7 vol.-% cannot be
homogenized with satisfying results. After break-fah globules tend to coalesce as
new interfaces are generated, but not sufficiestgbilized. Coalescence of fat
droplets is found until adsorbing dairy proteinabgize the droplets. Stabilization
kinetics, however, is slow [4]. Coalescence thus oaly be prevented at low fat
content. [5]. In stabilization of fat globules iream, a secondary droplet membrane
Is built up by adsorbing casein micelles and suteites as well as lacto albumins
and lacto globulins [6, 7]. As adsorbed casein Hasestrongly interact and form
bridges, aggregates of fat droplets are formed.

For stabilisation of the droplets against coaleseeand aggregation, droplet
stabilizing molecules have to be injected directifo the zone of disruption. By
injecting skim milk which is rich in whey proteitise new fat globule interfaces are
helping to stabilize them in the moment of theegatron. Further the droplet collision
rate has to be reduced significantly at that timdisruption and stabilization. In this
case the high volume of skim milk dilutes the prctdand thus increases the distance
between fat globules and reduces their collisice.rdhus both coalescence and
aggregate build-up rates can be reduced. Bothneegthigh mixing quality.
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In experiments, commercial non homogenized, pagedircream with a fe
content of 32 to 42 voPé and pasteurized skim milk with a fat content @dmum
0.3 vol.2 were used. In comparison, -homogenized milk of a fat content of
% was homoghnized in one stream passing the homogenizatidiceomvithout any
sidestream mixing. This full cream milk was producednixing the cream with th
skim milk to the required fat content by using adgia mixer. The standa
homogenization temperature s set to 65C. Heating and cooling of the cream ¢
the full cream milk (fat content : %) prior to and after the homogenization w
realized by micro heat exchangers enabling raprp&ature changeAT/At ~ 850
K/s). The residence time within theat exchangers was about 0.02 seconds. T-
enriched phase (cream) is pumped through the hommm®mn valve (centre
channel) at pressures of up to bar, corresponding to a volume flow rate of uj
14 |/h. Skim milk is injected through the lateinductors of the SHi-valve. A
maximal feeding pressure of bar and a max. Volume flow rate of approx. I/his
realized in the test rig. Using a pressure rati@®to 1 between the homogenizat
pressure of the fagnriched phase (cream) and theding pressure of the skim mil
a mixing volune ratio of 1 to 8 was achiev

In general, droplet sizes (hergy 3 decrease with increasing homogeniza
pressure as long as droplets are stabilized agemadéscencand aggregation aft
break-up.
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This is also true for the homogenization of milkY3/0l.-% fat, full stream
homogenization) with conventional flat valves, asmmonly used in the dairy
industry, or simple orifice valves (Fig. 8, triaagdymbolsA). However, increasing
the fat content to 32 vol.-% fat results in drop&tes increasing with increasing
homogenization pressure, as an increased disrugtiect results in a higher number
of smaller droplets and thus, in an increased soalece and aggregation rate (Fig. 8,
triangle symbolsA). When using the novel SHM-valve droplet sizesréase with
increasing pressure, even for 32 vol.-% (Figureo8nd symbols), as it does for
full stream homogenization of low fat content m{&5 vol.-%). The course of both
curves matches accordingly, emphasizing that aggjeey in cream could be
effectively prevented by dilution at the momentlté droplet break-up.

When comparing SHM partial homogenization technglty conventional full
stream homogenization of full cream milk (Fig. 8jamgle symbols A),
homogenizing cream of 32 vol.-% results in milkstifhtly improved quality while
using cream of 42 vol.-% fat as main stream, resgy, results in milk of slightly
inferior quality (see Figure 8). In all, productaljty can be maintained by partial
homogenization using the SHM valve technology ymidal technical fat contents of
32 — 42 vol.-%.

Emulsifying efficiency usually is increased at elad temperatures as droplet
viscosity decreases and droplet disruption is ifatédd. However, in homogenizing
milk, dairy proteins required for stabilization aheat sensitive and denature at
elevated temperatures. Therefore, optimal resultsf@und at T = 60 - 70 °C in
conventional milk homogenization [2]. The SHM valezhnology allows adjusting
the temperatures of both streams separately. Bkusg, milk, containing most of the
heat-sensitive dairy proteins, can be applied aderaie temperatures, while cream,



containing only a minor amount of the feins [8, 9] can be homogenized

elevated temperatures.
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Figure 9.Homogenization results (maximum droplet diamey : of the volume
distribution) for SHM partial stream homogeniza of cream (3 vol.-% fat) with
skim milk (0.3 vol. %) for different temperatur of the skim milk and the cree

Fig. 9 gives the maximum droplet diameteryo3 as a function of th
homogenization temperature of the skim milk, arel ¢heam, respectivy. For of a
constant temperaturesy of the mixing stream (skim milk) of 25 °C, higl
homogenization temperatures of the cree,.amresult in improved homogenizatic
results (). This can be explained by the fact of decreageglet viscosity witr
increased homogenization temperatures resulting imanoved droplet deformatic
and breakip. Decreased droplet sizes can be used for gtprimduct characteristic
(product design) or for reducing the homogenizirgspure (energy savin

When varying hhe skim milk temperaturesy at a constant cream temperat
(Tereany Of 65°C we observed that the maximum droplet diamkg, 3 decreases until
a skim milk temperature s of around 45°Cis reached and increases at hic
temperatures. The decreasing of tigg 3 may be explained by the lower viscosity
the fat globules or faster stabilization kinetick dairy proteins. However, L
exceeding the melting point of milk fat (arounc °C), droplets stabilization effect
apparently reduced, and resulting droplet sizeease. Further investigations ir
this effect will enable us to predict the optimaimperature ratio between b
homogenizing streams.

As the SHM valve system allowstabilizing fat droplets mainly again
aggregation even at fat contents up to 42-%, it is possible to decrease droj
sizes with increasing pressure or increasing teatpey of the homogenizing stre:
up to 150°C. Skim milk temperature has to beapted for a proper cooling rate
the fat droplets.

For milk homogenization, the new St-valve reduces the product volume to
homogenized at high pressure and reduces the numhlgpcessing units in dail
homogenization processes. In comparison wit onestage conventioni
homogenization, the new system for combining homagdion and micr-mixing



requires only 20 % of energy input compared to$trikam, and only 60 % of energy
input compared to conventional partial homogenmatof milk. This results in
considerable energy and cost savings in milk psangswithout any loss in product
guality. In addition two mixing units can be elirated from the process line resulting
In less investment, cleaning and maintenance costs.

Application example: production of micro particlesby emulsification

The SHM-valve was also applied in the manufactuohgnicro globules. The
reasoning behind the experiment is analogous toptle®ious example of milk
homogenization. Fat droplets are made by prestiagnolten fat phase through the
micro structured nozzle, and stabilizing them byl them below melting
temperature using cold water. After the stabil@atf the outermost layer of fat, the
globules can’'t coalesce anymore yielding highly bgemous fat particles. An
example of fat particles can be seen in Fig. 10.
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Figure 10. Particles of solidified fat particle®@uced by using SHM valve

Conclusions

Micro structured devices are applicable for thetaciing of immiscible fluids
to yield homogenous emulsions or micro spheres.allvantage of the V-type mixer
Is the high homogeneity in flow profile respectivedhear stress, and the ease of
adapting the device, keeping the hydrodynamic tffegnstant.

The SHM valve has been shown to suppress coalescang effectively. The
design has been shown to be a useful tool for dmolgenization of milk and the
production of micro spheres from wax, respectively.

References

[1] Walstra, P. et. al.: Dairy technology: Prine® of milk properties and
processes, Marcel Dekker Inc., New York, 1999.

[2] Kessler, H. G.: Food and Bio Process Engimged Diary Technology,
Verlag A. Kessler, Miinchen, 2002.

[3] Goulden, J. D. S., Phipps, L. W.: Factors Afleg Fat Globule Sizes
During Homogenization of Milk + Cream, Journal chily Research, 31 (2) 195-&,
1964.



[4] Danner, T., Schubert, H.: Investigations orojplet Coalescence Process in
Emulsions, Product Engineering & Chemical EnginegriNow, 13 (64) 335-342,
1999.

[5] Darling, D. F., Brikett, R. J.: Food colloids practice, Spec.Pulb.-
R.Soc.Chem., 58 1-29, 1978.

[6] Walstra, P., Oortwijn, H.: The Membranes ofcRmbined Fat Globules .3.
Mode of Formation, Netherlands Milk and Dairy Jal86 (2) 103-113, 1982.

[7] Dalgleish, D. G., Tosh, S. M., West, S.. Begtohomogenization: The
formation of very small emulsion droplets duringe tibrocessing of milk by a
Microfluidizer, Netherlands Milk and Dairy Journ&l) (2) 135-148, 1996.

[8] Souci, S. W. et. al.: Die Zusammensetzung ldelbensmittel, Nahrwert-
Tabellen; Food Composition and Nutrition Tables;donposition des alime, CRC
Press, 2000.

[9] Karasch, S., Kulozik, U.: Hochdruckhomogenisiey von Milch mit
modifizierten Lochblenden im Vergleich zu konvenetien Flachventilen, Chemie
Ingenieur Technik, 80 (8) 1117-1124, 2008.

© M. Kraut, A. Hensel, R. Dittmeyer, 2010



OPTICAL CHARACTERIZATION OF MICROSTRUCTURED
EVAPORATORS
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Summary

A new optical measurement technique for the qualgacharacterization of
microstructured evaporators is presented. The getainly consisting of a laser
source and a photometer transducer, will be desstiit its working principle. Three
types of microstructured evaporators, manufactuaedMVT in the Karlsruhe
Institute of Technology, have been characterizeth wihanging operating conditions
and different working configurations.

The experimental set-up allows an evaluation ofovaguality and an easy
comparison of the performances of different kinfin@rostructure evaporators.

The results obtained from the tests will be presgr#nd discussed. Also, the
influence of the inlet parameters and of the boundanditions on the outlet vapor
qguality will be pointed out. Finally, comparisongtwtwo reference methods for the
production of vapor will be presented and commented

1. INTRODUCTION

Phase transition is an important procedure in cbamand thermal process
engineering and in many other applications. Withnvemtional techniques
evaporation is accomplished by heating a fluid tewté a more or less void volume.
Systems acting by this principle are charactertaetbng thermal time constants and
relatively low heat transfer coefficients.

To emphasize the heat transfer efficiency when ehtmansition occurs,
evaporation in microchannels is realized. The nadwantage of microstructured
devices is the very high surface to volume ratypital values can go up to several
10,000 mM-m®), which is one or two orders of magnitude highlkant that of
conventional systems. Moreover, as the overall lraasfer coefficient is inversely
proportional to the hydraulic diameter and the clehnvall thickness, the smaller the
characteristic lengths of the system are, the i@ deat transfer is enhanced.

The increasing number of applications of microdtrtes in process engineering
problems is widely documented (see Schubert e(28l01) and Brandner et al.
(2007)). This has required efforts for the idenation of the driving mechanisms
taking place in such structures and for the furthgarovement of their performances.

The importance of bubble growth and of two-phasewflpatterns in
microchannels has been pointed out by i.e. KandliKandlikar (2002)) and others.
Pressure fluctuations might influence bubble exjensnd thus affect the vapor
guality and stability at the exit of the channels.

The relative difficulty of obtaining very high vapqualities in a wide range of
exit conditions is one of the limits of microstructd evaporators. This is mainly due
to instabilities arising in flow evaporation proses (Henning et al. (2007)) and the



problems to control them. However, the phenomeneaurminig inside the micro
channels during phase transition are not well ifledt yet, and a correct
manipulation of the devices for the achievemenhefdesired exit conditions is still
rather complicated.

The direct visualization of evaporation in microchals with high speed
imaging techniques can be a useful tool for theewstdnding of the phase transition
mechanisms (see Maikowske (2009)).

2. EXPERIMENTAL SET-UP

In most applications where vapor is required, adfliow with defined
throughput and temperature and homogeneous chasticteis demanded. Here, the
term homogeneous refers both to stability of theaest characteristics in time and to
uniformity of the jet in the entire area where viaporeleased. In other terms, for
industrial vapor production, the presence of noifleamly distributed and non-
uniformly sized liquid droplets among the vapor ghlas to be avoided.

From a practical point of view, a quick proceduceidentify the different
features of the evaporators in terms of vapor dterstics at the exit is needed. This
kind of approach can suggest the properties tiiattahe homogeneity of the exiting
stream more and the possible instabilities whicadléo a non optimal phase
transition. Moreover, the understanding of thetiplrameters influence on the outlet
characteristics of the vapor is important to obtaghly performing devices in a wide
range of operating conditions. Guide lines stahow the device should be managed
and set depending on the required specificationetotemperature, average liquid
phase content, vapor density, etc.) can be idedtifi

The above mentioned considerations have led toctreeption of a new
experimental procedure for the qualitative charaaé@on of vapor produced with
microstructured devices. The measuring techniques uhie principle of laser
photometry and consists mainly of a laser lightresetand a light detection sensor
(photodiode). In Fig.1 a scheme of the optical stigation system is shown.

The laser passes through the vapor release areag \gbattering phenomena
occur if light photons collide with molecules ofpa or liquid water. The scattered
light is diffused in all directions with a highesgrrobability of being diverted
backward in the direction of the laser source (baakering).

The amount of diverted light depends on the kindaaittering medium colliding
with the photons and its physical state. The patamaccounting for this is the
refraction index which is higher for liquids thaor fthe gaseous phase. A distinction
between scattering events originating from liquidlecules (higher intensity of
scattered light) and those coming from gaseous cutde (lower intensity of
scattered light) is therefore possible.

The backscattered light is focused with a lensaiécted with a light intensity
sensor (photodiode).
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Figure 1 Scheme of the optical measurement set-up

The sensor, opportunely screened from the noissumbunding light sources,
produces a current signal which is proportionalhi® intensity of the incident light.
This last one is related to the amount and theiloligion of the liquid phase in the
exiting jet as well as to the extent of focusingtioé stream (density of scattering
molecules). Information about the characteristi€svapor can be drawn from an
analysis of the current signal, which is firstdréd (for noise reduction purposes) and
then amplified (for a better reading).

Although the thermodynamic density and quality aper can not be measured
with the described system, a set of data for théopwance evaluation of different
devices can be created. This can be very usefuhwpecific vapor characteristics
are required for a given process, and the beshtdopy needs to be identified along
with the required optimal settings.

The variation of the results in answer to chandeb® inlet parameters can be
investigated, and comparisons with the charactesisof vapor produced by
conventional systems can be done as well.

The described measuring technique is easily adieptaibthe testing of a variety
of systems in different configurations. In the déeling paragraph, some results
obtained with the experimental set-up are presented

3. RESULTS AND DISCUSSION

Three different microstructured evaporators havenbiested, having a multi
layer, a rod and a ring surface geometry, respagtisee Fig.2).

The multi layer evaporator presents 612 microchizneach with a rectangular
cross section of 200x200 drrranged in 6 different stainless steel foils.

Heat is delivered by three rows of electrically goad heating elements, which
can be controlled either in the surface temperagure the electrical input power.



Figure 2 Picture of two of the tested devices with muliida(left) and rod (right)
geometry

The first tests have been performed with saturededliitions at the exit, keeping
the outlet temperature constant at a value of Tarfd recording the current signal.
Successively, the temperature profile has beereased up to the beginning of
superheating, and then further until complete lyighiperheated vapor was produced
(Tout ~ 250°C). In Fig.3, Fig.4 and Fig.5 the réigsgl signals with non-superheated
and superheated vapor are shown.
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Figure 3. Signal recorded with the multi layer emabor under saturated exit
conditions. The peaks of the current signal comedgo reflection phenomena of big
liquid droplets contained in the vapor stream
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Figure 4 Signal recorder with the multi layer evaporatod anth an average
superheating level for the exiting vapor
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Figure 5 Signal recorded with the multi layer evaporatodemcomplete
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In the first case the current shows high amplitieted high frequency
oscillations. The average signal level revealstigl presence of liquid which is
distributed in differently sized droplets (unevemaks of the signal). The non-
homogeneity oscillations disappear only with highidls of superheating, although
the average current progressively decreases witreasing input power (i.e. the
amount of liquid fraction is reduced, but it is alyg non-homogeneously distributed).

The high non-homogeneity is most likely caused bsgtabilities occurring
between the inlet and the outlet of the channetssdrire fluctuations or non uniform
temperature distribution might be at the basishasé instabilities, giving rise to
phenomena such as channel inlet chocking. A progication of these theories can
be obtained by including the multi layer evaporatoa two-stage configuration (i.e.
adding another device at the exit of the first)isTwould allow the creation of a
smoother temperature profile and, at the same timegase the residence time of the
fluid flow inside the heated microchannels. Thduefce of channel choking and
pressure fluctuation should be eliminated or adtlestigated.

The rod evaporator presents a compact geometryistimgs of a single
microchannel wrapped around a cylindrical tube. ¢h@nnel is covered by an outer
cylinder, coaxial with the first one and weldedta¢ top with it. A small passage is
left open for the vapor release. The inside ofitimer cylinder is left empty for the
housing of a heating cartridge, which realizeshbat supply.

The signal recorded with this device shows a redlymesence of oscillations
and a lower current level with respect to the mlalyer evaporator (increased outlet
vapor quality). However, if the same throughputdusethe multi layer configuration
Is imposed (about 1 kg/h), the presence of re-auset@®n and bottom dropping
phenomena has been detected. This is mainly dtieetéow thermal inertia of the
device, and thus to the higher influence of theemdl heat losses on the fluid
dynamics.
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Figure 6 Signal recorded with the rod evaporator and a fassrate of 1 kg/h. The

input power during the tests has been increasstéps until superheating has been
achieved.
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Figure 7 Signal recorded with the rod evaporator and a easrate of 0.5 kg/h

A further reduction of the oscillations and thenghation of re-condensation
phenomena can be observed if the flow rate is etland the input power is kept
constant. Fig. 6 and Fig.7 compare the signalsrdecbwith a mass flow rate of 1
kg/h and 0.5 kg/h respectively.

In general, the rod configuration, with an accuratess-tuning between mass
flow rate and input power, allows the productiornofnogeneous vapor over a larger
range of operating conditions with respect to thatilayer device. Nevertheless, heat
losses must be controlled as they can cause resneation of vapor at the exit of the
device.

The ring evaporator (Fig.8) is a copper disk wheater enters at the centre, is
heated and expanded through circular blanks and akthe periphery of the disk. In
this case evaporation is realized not only by eledt heating but also by a flash
expansion through the orifices connecting the commmeblanks. This phenomenon
enhances the performance of the device which pexibigh quality vapor.



Figure 8 Scheme of the ring evaporator

The signal characterizing this kind of evaporatbig©) presents a reduced
average current (nearly zero). Oscillations arg \@v and localized at the beginning
of the evaporation.

The most interesting feature of the ring evaporattine possibility of producing
dry-vapor in saturated conditions (i.e. Tout~100 wW@&h absence of any liquid
fraction). This result can be achieved by adjusthgyinput power in dependence of
the water flow rate entering the device, until #lle current oscillations are
eliminated.

In this particular kind of geometry phase transitiakes place homogeneously,
and thus, the characteristics of the exiting vapee more controllable and less
dependent on flow instabilities or on the thermalcesses parameters.
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Figure 9. Signal recorded with the ring surfacepevator with a mass flow rate of
0.7 kg/h

4. COMPARISONS WITH REFERENCE SIGNALS

The developed analysis technique for vapor quahtgiuation can be adapted
for the characterization of conventional and welbWwn vapor production methods.
These signals can then be used as references fgracison with those registered
with microstructured evaporators.



In this way the characteristics of vapor achievahith every single structure
can be identified in terms of density, focusing &etbcity of the jet, but also content
and distribution of liquid fraction.

Two reference signals have been considered for agsgn with the multi layer
evaporator.

For the first reference signal vapor is producedhégting up a bowl containing
water (“free evaporation”). The release to the aphere is driven only by buoyancy
effects and vapor is not focused. The second syseancommercial steam cleaner,
where the vapor jet is focused and has a high hememus content of liquid fraction.

Both saturated and superheated conditions have kearpared with the
references.

In Fig.10 the comparison between the “free evapmrareference and the non-
superheated vapor signal is shown.
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Figure 10 Comparison between “free evaporation” referenckraon-superheated
vapor signal recorded from the multi layer device

1(A)

Free evaporation From Experiment ‘ t(s)

Vapor produced in the two cases has very diffecharacteristics, resulting in
two distinct current levels. With the multi layevaporator a highly dense jet exits
from a small pipe with a velocity determined by thgposed mass flow rate. On the
other hand, vapor from the bowl is released atfithe interface between water and
air and rises only under buoyancy forces. The higleasity of vapor produced with
the microstructured device results in a sharp amdnse reflection dot. In the
reference, light is diffused along the bowl openiageating a non-defined reflected
line across the diameter.

The oscillations of the reference signal originfgen the non-uniform density
of vapor rising from the open surface. On the cowir with the evaporator,
oscillations are mainly due to light reflectionwséter droplets inside the stream.

In Fig.11 the “free evaporation” reference is comgglawith the signal coming
from superheated vapor produced with the multi dagevice. In this case, the
absence of any liquid fraction results in a drastiduction of the refraction index,
and thus of the average current level (lower tiha@nréference). Also the oscillations
due to the presence of droplets have almost disapge
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Figure 11. Comparison between “free evaporatioféresce and superheated vapor

signal recorded from the multi layer device

The same signals for non-superheated and supetheatglitions have been
compared with the second reference. The high deasitl velocity of the steam-
cleaner jet results in a sharp and non-disperdéettien dot, while the high content
of water fraction increases the refraction indes. &Aresult, the reference signal in
this case has a very high and constant level.
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Figure 12 Comparison between “Steam cleaner” reference anesaperheated
vapor signal recorded from the multi layer device

Steam-cleaner

From Experiment

The comparisons (Fig.12 and Fig.13) show that is tase the differences
between the two signals are more evident. Vapan fthe steam-cleaner has very
high, constant and uniform water content, whilé¢h@ case of the multi layer device,
a stream of almost dry-vapor with dispersed irragliquid droplets is produced.
However the volumetric flow rate of the steam-ckrais much higher than that set
for the microstructured device. A higher amountvapor means necessarily more
reflection events and consequently a higher averagent through the photodiode.

When comparisons are made with the superheated gapwl, the differences
between the two average current levels are modesti
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Figure 13 Comparison between “Steam cleaner” reference aperseated vapor
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5. CONCLUSIONS

An experimental system for a quick qualitative oaki characterization of
microstructured evaporators has been realizedlolva non-invasive investigations
for the analysis of the performances of differegxides in terms of characteristics of
the produced vapor.

The influence of the inlet conditions on the rasgltoutlet properties can be
investigated and it is possible to make comparisatisreference situations.

The performed tests suggest that the fluid dynawfitke phase transition plays
a major role in determining the characteristicshed vapor. Clogging phenomena,
incomplete evaporation or re-condensation before #xit section have been
observed, each giving rise to different behaviathefexiting jet.

The present experimental apparatus has been foundeta good tool to
investigate which configurations and test cond#gi@are the best when particular
characteristics at the exit are requested.

Guidelines for the improvement of the evaporatorfggmance can also be
deduced from the presented results.

Future works should be concentrated on the achiemeraf smooth phase
transition and on the production of homogeneousorvap a wide range of exiting
conditions, both with the multi layer and the radygorators. This could be done by
modifying the configuration of the devices and tmeslucing the influence of
external or internal instabilities on the evapanatmechanisms.
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CONTROL OF THE REACTIONS OF HYDROGEN PRODUCTION AT
STEAM REFORMING IN MICRO AND NANOSCALE
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federation
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ethanol, carbon monoxide

SUMMARY

Experimentally were obtained patterns of steamrneiftg ethanol and carbon
monoxide in a microchannel reactor upon activatdrchemical reactions at the
nanoscopic catalyst. Consistent implementationheté¢ processes can increase the
hydrogen yield and reduce the concentration ofa@anmonoxide. Steam reforming
of ethanol was studied on Rh/AI203 nanocatalysbdigd on the inner wall of the
annular microchannel, with supply of heat throulga gap channel from the outer
wall. Steam conversion of carbon monoxide was stiidat Pt/CeO2/Al203
nanocatalyst deposited on the walls of the micronkhplate. Obtained the data on
the composition of the products of conversion ia teamperature range of reactors
from 760 oC to 320 oC. Determine the temperatugenes in which the proportion
of hydrogen in the reaction products reaches 68&ocambon monoxide content is
reduced to 1 %.

AHHOTALIUA

DKCIEePUMEHTAILHO MOTyYSHBI 3aKOHOMEPHOCTH MApOBOil KOHBEPCHUHU 3TAHOJA U
MOHOOKCHJa YIJIepoia B MHKPOKAHAILHOM pEaKkTope TMpH aKTUBUPOBAHUU
XAMHYECKHX TPEBPAIICHUI Ha HAHOCTPYKTYPHOM Karanuzarope. [locienoBarenbHoe
MPOBEICHUE STHX IPOLIECCOB MO3BOJISET YBEJIUYUTHh BBIXOJ BOJOPOJa U CHH3HThH
KOHIIEHTPAIIMIO MOHOOKCH 1A yIiiepo/a. [lapoBasi KOHBEpCHUs dTaHOJA UCCIICJOBaHA Ha
Rh/AI,O; HaHOKaranu3arope, HAaHECEHHOM Ha BHYTPEHHIOK CTEHKY KOJBLIEBOTO
MHKpOKaHaJa, Py MOJBOJIC TeIlIa Yepe3 3a30p KaHalla OT BHEIIHEH cTeHku. [lapoBas
KOHBEPCHS MOHOOKCH 1A yriepoaa MCCJIEOBAHA Ha Pt/CeQ/Al,O4
HAHOKAaTaJIM3aToOpe, HAHECEHHOM Ha CTEHKM MHUKPOKAHAIBHOUN IUIacTUHBI. [lomydeHbl
JIaHHBIE TI0 COCTaBy MPOIYKTOB KOHBEPCUU B JHMANa30HE TEMIEpaTyp PEakTOpOB OT
760 °C mo 320 °C. OmpeneneHbl TeMIEPATyPHBIC PEKUMBI, TPU KOTOPBIX OIS
BOJIOpOJIa B MPOIAYKTax peakuuu nocturaer 68 %, a comepxaHne MOHOOKCHAA
yoiepona cHkeHo 10 1 %.

1. INTRODUCTION

Recently, the use of hydrogen is considered asnamommentally safe way to
generate energy. Storage, transportation and lison of hydrogen is still no
reliable technical solutions and therefore the potion of hydrogen from the liquid
organic material with its subsequent use in fudlscéor power generation is
particularly relevant.



The catalytic steam conversion of ethanol is onéhefmost effective ways to
produce hydrogen from renewable sources. To retheeconcentration of carbon
monoxide in the reaction products is used condigteteam conversion of carbon
monoxide, which allows reducing its share to 1 %g the subsequent fine cleaning
processes. When using polymeric membranes baspdliwenzimidazol, we can use
hydrogen fuel containing carbon monoxide to 3 %huwit the use of fine
purification.

Great interest is the realization of the processased on microchannel
technology. Compared with previously developed esyst microconvectors have
smaller effective length of the transfer, whichgkly eliminates the diffusion
limitations, speeds up the reaction rate and allgos to create compact hydrogen
generation device. Most full advantage of microctedn reactors occur in
endothermic and exothermic reactions, including skeam reforming of ethanol
(Wanat E.C., et al. 2004) and carbon monoxide (dwidh A.Y., et al. 2007). For
high-speed chemical reactions and reduce the tetyserconversion catalyst is used.
It must be stable under extreme conditions, as a®lhigh ethanol conversion is
achieved at temperatures close t0°800and at a high probability of deposition of
carbon. Among the most active catalysts are cdglpssed on noble metals
(Tonkovich A.Y., et al. 2007, Liguras D.K., et &003, Diagne C., et al., 2002).

The dominant reactions in the steam reforming btesol are two reversible
reactions: highly endothermic reaction of steanonmafng of ethanol and moderate
the exothermic reaction of steam conversion of @anmmonoxide (Liguras D.K., et
al., 2003, Diagne C., et al.,, 2002). The mechangmd kinetics of multistage
chemical conversion of ethanol and carbon monowiille an excess of water vapor
being actively discussed in the literature (Wan&l.Eet al. 2004, Tonkovich A.Y., et
al. 2007, Liguras D.K., et al., 2003, Diagne C.akt, 2002), at the same time, very
little experimental works to study the relationsbifheat, mass transfer and physical-
chemical processes for steam reforming in microshEn with highly active
nanocatalyst on the walls.

In this paper we experimentally studied the chemammversion during the
steam reforming of ethanol in the annular microclghnwith the catalyst
nanostructure with an external heat supply thraighgap of the channel and follow
the steam conversion of carbon monoxide in thenasiseof the microchannels.
Synthesized Rh/AD; nanocatalyst for steam reforming of ethanol and
Pt/CeQ/Al,O; catalyst for steam reforming of carbon monoxideyrked out
methods for their attachment to the walls of theroshannel. We consider the
contribution of conductive, convective and radiatheat transfer in these conditions.

2. METHODS OF INVESTIGATION

2.1 Experimental equipment

Experimental study of chemical conversion of ethandhe medium of water
vapor carried in an annular microchannel reactath vei annular gap of 1 000
microns, as shown in Fig. 1 (a). As a catalyst usechanocomposite material
deposited on the surface of a replaceable cartridger-cylinder with an outer
diameter of 6 mm and 40 mm long, made of heattadislloy. He pressed into the



outer cylindrical tube made of stainless steel withll thickness of 2 mm, which
ensured the supply of heat to the cylinder fromdhbter wall of the heated reactor.
For the heating and temperature stabilization cgagts placed in a heated electric
shock quartz tube coated with a layer of insulatimagerial to prevent heat loss. The
temperature of the outer wall of the reactor wasitoced using a chromel-alumel
thermocouple. The thickness of the channel wascserit for the efficient supply of
heat to the reaction zone and the reaction toakepla a weak non-isothermal along
the length of reactor.

Experimental study of steam conversion of carbomar@e is conducted in
microchannel reactor containing 11 microchanndis, wall which caused aerosol
method nanocomposite catalyst — Fig. 1 (b). Micamctel plate 4 mm thick made of
heat-resistant stainless steel and contained aamannel with a gap of 600 microns
and a length of 40 mm. After the deposition of tgéalyst microchannel plate cover
plate thickness of 2 mm and scald argon weldingdé/faay microchannel reactor
located between the heater plates with mountedriglesartridges. The temperature
of the external walls of the microchannel plate wastrolled by chromel-alumel
thermocouple. The thickness of the reactor and nates was sufficient for the
efficient distribution of heat in the reaction zom@d the reaction took place in the
weak non-isothermal conditions along the reactogte.

As the reaction mixture with steam reforming ofagtbl used a mixture of ethyl
alcohol and water with molar ratio H20/C2H50H =E4periments were conducted
with the input volume flow of the mixture per graof catalyst GHSV = 262
Nl/gcat/hr. Reynolds number, determined by the sigloof the mixture at the
entrance to the channel and the gap was equal.t&d$&e reaction mixture with
steam conversion of carbon monoxide used a mixdticerbon monoxide, hydrogen
and water with molar ratio H20/CO = 2.7-4. Expemtsewere conducted with the
input volume flow of the mixture per gram of caglsHSV = 7.5-25 Nl/gcat/hr and
a pressure of 1.4 bar. The experiments were coeductthe temperature range 550-
750 K. The Reynolds number, determined by the vigloaf the mixture at the
entrance to the channel and the hydraulic diametged from 5 to 23. The
temperature of the reaction mixture of gases atrdsetor inlet and outlet are
measured by a chromel-alumel thermocouple. Foretragporation of liquid, pre-
heating and mixing of the reaction mixture of gagethe reactors, the evaporator /
heater, heated electric shock. Filing fluid madt#whe help of mass flow controllers
firm Bronkhorst HI-TECH.

Output gas mixture passed through the cooler / @oser, where the pair were
condensed and water separator. Dry mixture of gasedeased for analysis in the
gas chromatograph (Perkin EImer model 1016 withhéat conductivity detector).
Volumetric flow rate of the dried mixture of gasaisthe outlet of the reactor was
measured by flow meter OMEGA. Volume fraction ofpwa liquid phases was
measured by the flow of condensate. To determieecthimponent and measuring
their concentrations in the condensate used chmnasspectrometer Agilent 6850
with mass selective detector. The error in meagutite concentration does not
exceed 2%.
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Fig.1. Scheme of the microchannel reactors

2.2 Catalyst preparation

Based on the synthesis of multi-coordination conmaisu with subsequent
thermal decomposition to highly dispersed nanosmades synthesized composite
nanocatalyst for steam reforming of ethanol andbaar monoxide with high
homogeneity of the phase composition. For the i@madf ethanol steam reforming
catalyst synthesized on the basis of rhodium andentaethods to improve the
adhesion properties of the coating and its resistém fracture. Catalysts are made on
the basis ol-Al,O; with a specific surface area of 150—17@gncalcined at high
temperatures and impregnated of the agueous solotidhodium nitrate (Rh content
up to 5 % by mass). After heat treatment of thelgst slurry was applied to the
prepared surface of the cartridge-cylinder. Measutee size of nanoparticles of
rhodium does not exceed 2 nm.

Catalyst for steam conversion of carbon monoxidedpced byy-Al,O; and
CeQ with a specific surfacg-Al,O; 150170 g, calcined at high temperatures
and impregnated of the aqueous solution chloraptaéicid (Pt content up to 5 % by
mass). After heat treatment of the catalyst slwag applied to the prepared surface
of the microchannels.

3. EXPERIMENTAL RESULTS

3.1 Experimental study of steam reforming of ethanol

Thermal regime of the catalyst in the annular nghemnel in Fig. 1 with the
heated outer wall was considered in (Kuznetsov #t\al., 2009). It was found that
the chemical conversion with the absorption of leathe outer surface of the inner
cylinder may be three ways of heat supply to tlaetien zone: conductive heat input
via the attachment of the inner cylinder, convextineat transfer in the gap of the
reacting mixture and radiation heat transfer thiotlge gap channel. Fig. 2 shows the
composition of products of steam reforming of ethlast the outlet microchannel
reactor, depending on the temperature of the itay GHSV = 262 Nl/gcat/hr.
Experiments were conducted at a pressure in thetoreaf 1.4 bar. The temperature
of the catalyst is determined by the temperatuth®fouter wall of the reactor based



on the calculation (Kuznetsov V.V, et al., 2009 eTresulting temperature difference
varies from 2 to 25 degrees with increasing conweers

Chemical conversion of ethanol starting at morentB&0 C catalyst and the
concentration of ethanol and water in the prodwftconversion decreases with
increasing temperature. Significant conversiontbéeol is observed at a temperature
of more than 620C, when increasing the proportion of hydrogen.ekirin Fig. 2
show the calculated dependence of the equilibrilotancomposition of the products
of conversion. It is seen that the experimentahdali on the equilibrium values at
temperatures of catalyst above B7. In Fig. 3 shows the dependence of the
conversion of ethanol on the temperature of therowtll of the reactor at GHSV =
262 Nl/gcat/hr. The data in Fig. 2 and 3 show thatprocess of chemical conversion
of ethanol is activated when the temperature oféaetor is more than 60C.
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Fig. 2. The dependence of the molar fraction ofipots of steam reforming of
ethanol on the temperature of the catalyst. Res&léme in the reactor a mixture of
190 msec. ED/EtOH = 4.03

Rhodium is one of the most active catalysts foratisorption, surface reaction
and desorption of ethanol and its decompositionlyets in the environment of water
vapor. The high content of hydrogen in the outduthe mixture shows that in this
temperature range is the main reaction is steamrmafig of ethanol. Increased
carbon dioxide in the output of the mixture showattsimultaneously with the
reaction of steam reforming of ethanol and the &drom of carbon monoxide takes
place the reaction of steam conversion of carbonaxide to form carbon dioxide,
although its rate of occurrence is low.

Conversion of ethanol proceeds with significanttfasorption. The calculation
of the average temperature of the catalyst (Kunwesy, et al., 2009) showed that at
the outer wall more than 79C, radiative heat transfer in circular microchdrwigh
an external heating plays a significant role, altma the heat supply to the catalyst
needed to ensure high conversion with temperataeup to 36C.



1.2

1+ ~4D0 L
0.8 ¢

0.6

2
04 s

Ethanol conversion

02 | .

0

500 550 600 650 700 750 800 850

Reactor temperature, C

Fig. 3. Conversion of ethanol depending on the tratpire of the outer wall of
reactor

3.2 Experimental study of steam conversion of carbon mmwxide

Fig. 4 shows the dependence of the conversion dfocamonoxide on the
temperature of the outer wall of the reactor atdbtemical conversion in the
microchannel reactor with an excess of water vapdhe initial mixture of gases.
The experiments used a mixture of carbon monoigdrogen and water vapor in
the range of molar ratios COJMH,O = (0.06-0.12) / (0.6—0.53) / (0.32—0.35), which
simulates the composition of the products discussadier steam reforming of
ethanol. Experiments were conducted at a pressuteltdar for residence times of
the initial mixture in microchemical reactor 40, &d 140 msec. The time is defined
as the ratio of reactor volume to volumetric floater of the initial mixture under
normal conditions. Line in Fig. 4 shows the equilim conversion of carbon
monoxide for a given composition of the initial mure and the pressure in a reactor.
It is seen that with increasing temperature ofréhector when the residence time of
140 and 80 msec conversion of carbon monoxide @&se® and approaches the
equilibrium value at the temperature of the read80°C. By reducing the residence
time to 40 msec conversion of carbon monoxide dmmably decreases and reaches
its equilibrium value even at 47C.

For the reaction rate constant and activation gnengthe basis of experimental
data used approach (Kuznetsov V.V, et al., 20093.dssumed that the molar flow of
the reacting mixture on the surface of the chanmet is determined Arrhenius
dependence for the reaction of the first orderthi® one-dimensional model of the
reacting mixture in the channel, taking into acddie external diffusion resistance,
defined by the coefficient of mass transfer in (Ketsov V.V, et al., 2009) derived an
equation for the change of the molar concentratibreactive component along the
channel.

Mass transfer coefficient was determined basederahalogy of heat and mass
transfer, using the value of Nusselt number foe@angular channel. This solution
was used to obtain the reaction rate constant atidgadon energy on the basis of
experimental data. In processing the data has beaplified Arrhenius kinetics of



steam conversion of carbon monoxide leakage inligie of both forward and
reverse reactions with a linear dependence onrdsspre in the reacto.P

Fig. 5 shows the dependence of the logarithm ofdhetion rate constant on the
inverse temperature of the walls of the microchameactor. The dots show the
experimental data, line - calculation with the \aation energy of 47 kJ/mol. This
value of activation energy for the synthesized lgatas slightly lower activation
energy of 67.1 kJ/mol obtained in (Tonkovich A.2Q07). The data show that the
reaction of steam conversion of carbon monoxide ieaction of first order and the
accompanying reaction products of steam conversibrtarbon monoxide in a
microchannel are mild.
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4. CONCLUSION

Experimental study of chemical reactions at tharsteeforming of ethanol in
the annular microchannel and steam conversionrbbcamonoxide in the assembly
of microchannels were carried out to determinedbeposition of the products of
these reactions, depending on the volume flow efrtixture and the temperature of
the catalyst. It is important to build a kinetidheme of reactions and heat transfer
model for chemical conversion in microchannel. &gsized Rh/AIO; and
Pt/Al,Os/CeO nanocatalyst composite yielded the higher emen as ethanol at
temperatures of more than 60D and carbon monoxide at temperatures abové 400
C, when reached thermodynamic equilibrium conversibwas found that complete
conversion of ethanol is observed at temperatunesea640 C catalyst, while the
proportion of hydrogen and carbon dioxide outputtloé mixture significantly
increased, indicating a concomitant increase in ithie of reaction of steam
conversion of carbon monoxide that occurs simuttasky with the reaction of steam
reforming of ethanol. The calculation of the averadgmperature of the catalyst
showed that at the outer wall more than 7Q0 radiative heat transfer in circular
microchannel with an external heating plays a $icamt role, and allows the heat
supply to the catalyst needed to ensure high cseiorerwith the temperature heads
up to 30°C. Obtained the effect of flow mixture on the comsien of carbon
monoxide, which reduces to the residence time s&s lthan 80 milliseconds.
Determine the activation energy of the steam cawerof carbon monoxide. We
achieved reduction in the concentration monoxiddaenproducts of conversion of up
to 1%, which allows the use of microchannel reactamsecutive steam reforming of
ethanol and carbon monoxide to produce hydrogeh Wié necessary degree of
purity for feeding solid oxide fuel cells.

This work was supported in part by: Rosnauka FTP Program state contraét
02.740.11.0054 and grant RFFI 07-08-12212-0fi.
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THE MODELING OF CHEMICAL TRANSFORMATIONS AT METHANE
STEAM REFORMING AND WATER GAS SHIFT REACTION IN A
MICROCHANNEL
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Summary

The numerical investigation of the flow structutdermal conditions and
physicochemical processes at catalytic methanenstetorming and water gas shift
reaction in the microchannel was performed. Theiibbet information about the
structure of the temperature and the mixture comaptanconcentration fields and
rates of chemical transformations in the microclehnimas been obtained. The
temperature regimes of high conversion of theahgroducts were defined.

The influence of the external heat flux suppliedtibe gas mixture and its
distribution along the channel length on the prbeserof the methane steam
reforming have been investigated. It has been shbatmnot only the amount of heat
supplied to the reaction zone is essential, but #ig distribution of heat supply
along the channel length is important. The peatiksgrof the catalytic water gas shift
reaction with non uniform temperature distributibave been investigated. Non
uniform temperature distribution along the react@kes it possible to combine the
advantages of high-temperature and low-temperatumeersions.

Summary

B pabore mnpoBOOMTCA UKMCIEHHOE MOJIECIMPOBAHUE CTPYKTYpbl TEUYEHUS,
TCIIOBOI'O0 pEeKHMa H (I)I/IBI/IKO-XI/IMI/IIICCKI/IX npoueccoB B MHUKpPOKaHaJIC C
BbICOKOAKTHBHBIM HAHOKATaJIW3aTOPOM Ha CTCHKAX IIPpW BBICOKOTCMIICPATYPHBIX
XUMHUUYCCKHUX IIPEBpallCHUAX MCETaHa M MOHOOKCHIAA YIiCepoaa C 06paSOBaHI/ICM
Bojopona. IlomyueHna neranbHas wHOOpPMAIUS O CTPYKType IOJIeH Temmeparyp
KOHHCHTpaHI/Iﬁ KOMIIOHCHT B MHUKPOKaHaJIC U CKOPOCTAX XUMHUUYCCKHUX HpCBpaHICHI/Iﬁ
B 30HEC pEAKLMUH, OIPEAECICHbl TEMIIEPATYPHBIE PEXKUMBI BBICOKOM KOHBEPCHUU
HNCXOIHBIX ITPOAYKTOB. HCCJ’ICI[OBaHO BIIMAHNEC HCPABHOMCPHBLIX II0 JJMHC KaHalla
TEMIICPATYPhI U ITOABOAA TCILJIa Ha CTCIICHb XUMHUUYCCKHX HpeBpameHHﬁ. IToka3ano
YTO HA CTENEHb KOHBEPCHUHM METaHa MpPU €ro MapoBOM PUPOPMHUHIE CYyIECTBEHHBIM
OKa3bIBACTCA HC TOJIBKO KOJIMYCCTBO IMOABCACHHOIO TCIIJIA K 30HC PCAKIIMU, a4 TAK KC
pacupeacsICHUC MOoABOANMOIO TCIJIa BJAOJIb XUMHUUYCCKOIO PCAKTOpPA. Tak xe B pa60Te
HCCJIEIOBAaHbl OCOOCHHOCTH TAapOBOW KOHBEPCHM MOHOOKCHJA YIIEpoaa MpH
HEPaBHOMEPHON TemmepaType peakropa. He paBHOMepHBI 1O [iIMHE MNPOPUIb
TEMIICPATYPbl Ha CTCHKE PCAKTOpPa IIO03BOJIACT O6’bC,Z[I/IHI/ITB MMpEeUMylI€CTBa KakK
BBICOKOTEMIIEPATYPHOW M TAaK M HU3KOTEMIIEPATYpPHOM KOHBEPCUM MOHOOKCHJIA
yriepoja.



1. INTODUCTION

The catalytic methane steam reforming and watersds reaction are widely
spread technological processes for the hydrogermupmg. Recently there is
considerable interest in these processes as a cdqudssibilities to use them in the
compact fuel-oil processors to obtain the feed unexfor the fuel cells. The methane
steam reforming is the one of the most effectiveysvd produce hydrogen. The
water gas shift reaction is used a method for &rdnhancing the yield of hydrogen
from industrial processes such as the steam refigrnof natural gas or the
gasification of heavy carbonaceous materials. Syng&tures containing mostly
hydrogen and carbon monoxide are typically gendrateelevated temperatures via
the combustion of natural gas, coal, biomass, [@tne and organic wastes (Wender
1996).If syngas are planned to use for the fudt dekding, it is essential to refine
syngas from the carbon monoxide, since the lagtarpoison for fuel cells. Usually it
Is carried out in two steps in separate reactbeshtgh-temperature and then the low-
temperature water gas shift reaction. It allowsucaaly the monoxide concentration
up to 1 %.

The phosphoric acid-doped polybenzimidazole men@lased fuel cells seem
so far the most suctcessful system in the fielde Tilgh temperature PEMFC has
been successfully demonstrated at temperaturespofou200 C under ambient
pressure. No gas humidification is mandatory, whaaables the elimination of the
complicated humidification system, compared withfibda cells. Other operating
features of the PBI cell include easy control of flow rate, cell temperature and
cooling. The PBI cell operating at above 150 C tdarate up to 1 % CO and 10
ppm SO2 in the fuel stream, allowing for simplitioa of the fuel processing system
and possible integration of the fuel cell stackhwitel processing units.

The application of microchannel devices to the m®rgg processes is the state
of the art technology. Microchannel reactors hags leffective transport lengths than
previously developed systems. It eliminates diffusiimitations and intensifies the
reaction rates. The numerical simulations of methsteam reforming and water gas
shift reaction in the microchannels are considéneith several works (Tonkovich et
al. 2007; Spatenka et al. 2005). There are a lavarks where the simplified flow
models such as plug flow model are used. In thesdgetn the effective coefficients
of heat and mass transfer between the wall andldiheare applied. The numerical
simulation of the methane steam reforming in treame of the full Navier-Stokes
equations without taking into account the multicempnt diffusion of the mixture
components were performed in (Kuznetsov, Kozlov800

This work is aimed at numerical investigation ofretations between heat, mass
transfer and physical-chemical processes at thatioaa of methane steam reforming
and water gas shift reaction in two-dimensional roebannel with highly active
nanokatalizatorom the walls. The multicomponentfudibn of the mixture
components are taken into account. The methanmstefarming is considered in the
case of the external heat supply distributed aliregmicrochannel. The water gas
shift reaction is simulated with non-uniform michannel wall temperature. It can
combine the advantages of high-temperature cororensith advantages of low-
temperature conversion.



2. NUMERICAL SIMULATION METHOD

The 2D gas flow and transfer processes in a 2Dmiotochannel at chemical
transformations activated on channel walls wereukted numerically in the
framework of Navier-Stokes equations of a laminbowf of multicomponent
compressible gas. The system of Navier-Stokes mmsatvas written in the stream
function-vorticity formulation, and it was solvedy lihe finite-difference method
according to implicit three-layer difference scheme
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a a_wwj_i(a_wwj (apa(u +V?) 9poU’ +V )j (/Jw)+i(/~1w)—
ox\ oy oy \ 0x 2\ oy 0x 0x oy
0 (0udu _oudu), 8 (oudv _ouav
ox\ dy ox o0x dy ) odylody ox Ox oy
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a(puh) a(pvh) _o(,dT) 0(,0T i oY ), 9 oY,
ox * oy _ax(/‘ axj ay[)layj ax[zhipDim 6xj+6y(zhipD"“ 6yj+(3)
+Ua—|:>+Va—P+,u(aU GVJ
0X oy dy 0OXx
a(pauvi)+a(pvvi)=_( imﬁ]i(mm%j
X oy 0Xx ox ) oy ay
(4)
P=RT/S XM, (5)

Viscosity and heat conductivity of the gas mixtudepend on component
temperature and concentration; they are calculaydtie following equations (Wilke
1950; Mason, Saxena 1958):

Z ZG,ka A= Z ZAka (61 7)

i=1 i=1
G - 1 (1+(lui//uk)]/2(Mk/Mi)1/4)2 A — 1 (1+ (/]i//]k)]/z('vli/lvlk)1/4)2
a2 M M) 22 @M M)
Values of viscosity and heat conductivity of evamxture component were set
by polynomial functions of temperature of the S#gike, plotted on the basis of

references of (Vargaftik 1996), Diffusion coeffiosteand enthalpy of the mixture were
determined as:

(8,9)

D,, =0.18580°T¥*[(M, + M ,) /(M ;M )]**/ Pc?,Q (10)
T
h=h,+ [CpdT
298 (1_’]_)
h:i\qhi

Dy, = -x)/ Y%, /Dy, (12, 13)



The differential scheme was approximated by thealed cross scheme. To
solve the system of algebraic equations, deriveslgtitution of derivatives by their
difference approximations, we have used Seidelatiten method. A uniform
rectangular mesh was used. At mach numbers bel®@50the hydrodynamic
pressure drop in the channel was not taken intmumtcto reduce the time of
calculations. The shock velocity profile was sehatchannel inlet together with zero
transverse velocity and constants over the chamnek-section: mixture temperature
and mass concentrations of initial reaction compts)esuch as methane and steam.
Calculations were carried out in assumption of onisymmetry of a stationary flow
relative to the middle plane of the flow, where yo@ half of the channel was
considered. The adhesion conditions were set orcliaanel walls for the velocity
components. The following boundary conditions wesed on the wall within the
reaction zone:

- D, ‘g' =s,; M, —Ag:Zr“AHi+qW (14, 15)

Numerical simulations were carried out with a crdrgap H = 0.5 mm for the
uniform mesh with 21 nodes across the channel uddierent conditions of heat
supply to the reacting mixture. At the methanersteaforming modeling the initial
ratio of steam and methane mass fractions equal§*cus = 2. The pressure in a
microchannel is 1 bar. At the water gas shift modethe initial mole fractions of
steam, carbkon monoxide and hydrogen were 0.3R960and 0.575 respectively. In
front of the reaction zone in the channel there waggion of 20-mm length for
stabilization of the mixture velocity profile.

To simulate the chemical reactions at the methdeans reforming kinetic
scheme and the expressions for reaction rates (Hoghes 2001)vere used. The
reaction rate parameters correspond with experihelata (Kuznetsov et al. 2009),
obtained for nanosized rhodium catalyst.

Kinetic parameters of the water gas shift reacim@re determined from the
experimental data (Kuznetsov et al. 2010). It wasumed that the experimental
conditions correspond to model of the isothermalgpilow reactor. The pressure
drop along the length of the reactor was not camsidl A mathematical model of
such reactor is given in (Froment, Bischoff 1990):

b dx _ W

o T(%Xy,ay,..8,,T) F
(16)

The equation of the reaction rate in the framehaf Langmuir-Hinshelwood
model was used as a model of the mechanism of watesshift reaction (Germani,
Schuurman 2006):

(P kot P2
e co™MH,0TCcoMH,0| :
KeqF)COF)HZO

@+ KeoPeo + A KH2 PH2 )2 @+ v KHZO PHZO + ch ch)

The equation (16) was solved numerically to find thole fraction of CO. The
regression analysis was performed by the Devidetckér-Powell technique

r a7




(Fletcher, Powell 1963) with the numerical calcaliatof derivatives (Amosov et
al.2003). Kinetic parameters obtained by processthg experimental data
(Kuznetsov et al. 2010) are presented in the Thble

Table 1

ke (m0|/kg;a1) Kcao Khao Kh2 Kcos Exar (kJ/moI)
5.4 10 157.37 358.65 433.35 2.4 66.9

3. RESULTS

Fig. 1 (a) shows the distribution of the methandamé@raction at the methane
steam reforming over the length and width of theroghannel with heat supply flux
density 2.5 kW/rh External heat flux sets of a temperature lossutite cooling of
the mixture due to the endothermic reactions. Fi(h) shows the distribution of the
carbon monoxide molar fraction at the water ga# sbaction over the length and
width of the microchannel with wall temperatureekanly decreasing along the reactor
wall. Temperature changes from 48Dto 280°C.

e
il

Fig. 1. The distribution of methane mole fractidnhee methane steam reforming
with uniform heat flux density 2.5 kW/nga). The distribution of carbon monoxide
mole fraction at water gas shift reaction with thperature line-falling along the

channel from 480C to 280°C (b)

Fig. 2. The temperature of mixture over the chamnéth and length at heat flux 2.5
KW/



The variation of the mixture components concerdmatat the channel cross
section is negligible; it suggests the externdldibn resistance in the microchannel
to be small. Diffusion processes equalize the m&xttomponents concentration over
the channel cross section and there is no needditional mixing of the reacting
mixture. The distribution of temperature along acdoss the microchannel is shown
in Fig. 2 for the uniform external heat flux degstt5 kWw/m2. A conspicuous heating
of the gas mixture occurs closer to the exit of therochannel after the main
reactions slowing down. This leads to the fact et amount of supplied heat
exceeds the amount of heat required for endothereactions, and heat surplus is
spent for gas heating, what allows optimizatiomethane steam conversion not only
by a change in the amount of heat supplied to thenmel walls, but also by
distribution of the heat flux density along the ichel.

The variation of reacting mixture components maiactions §) along the
channel are shown in Fig. 3 for the uniform ancedinfalling heat fluxes with
average density 3 kW/m2. It is obvious that for kisat flux, linearly falling along
the channel, catalytic reactions are more intenaincethe hydrogen yield is higher.

0.8

Mole fractions

20 40 60 80 100
L, mm

Fig. 3. The Variation of mole fraction of componreat the axis of channel. The heat
flux density 3 kW/m. Dashed lines — line-falling heat flux densitypsig lines —
uniform heat flux density
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Fig. 4. A degree of O conversion vs. the temperature of reactor: dotpemental
data, strong lines — results of numerical simukgtaashed line — the line of
equilibrium conversion



The numerical simulations of water gas shift reactin microchannel were
performed to determine the conditions for incregdime yield of hydrogen in the
conversion products. Fig. 4 shows a degree of Q@asion vs. temperature: dots -
experimental data, solid line - numerical calcwiatiThe peculiarity of the water gas
shifts reaction is the equilibrium conversion iras®g when the reaction temperature
decreases - dashed line in Fig. 4. However, thee aathemical reactions decreases
significantly with the temperature decreasing. desl not allow obtaining the high
conversion of carbon monoxide at low temperatures short length of the reaction
zone.

The numerical simulations of water gas shift reactvere performed in case the
wall temperature linearly decreasing along the oulannel to find the optimum
temperature regime. The temperature at the outkieareactor ranged from 350 C to
150 C on the stipulation that the inlet temperatfrine mixture of the reactor 480 C,.
The degree of carbon monoxide conversion depemanthe output temperature of
the mixture is shown in Figure 5. The monoxide @miation at the outlet is reduced
to 0.8% when the output temperature is 280 C.
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Fig. 5. A degree of CO conversion vs. outlet terapee at the constant inlet
temperature 48Q

4. CONCLUSION

The methane steam reforming is a high endothermocess that requires the
external heat supply. The results of numerical &trans provide the detailed
information about the structure of the temperatanel the mixture components
concentration fields and the rates of chemicalsfiamations in the microchannel.
The high effective regimes of the reactor operatiogditions were found. The using
of microchannel technology allows improving the stixig reactors and providing
high conversions on the small scales. The res@iltsimerical simulations show that
diffusion processes equalize the concentrationssadhe microchannel. There are no
diffusion limitations in microchannels with gap b@l 1.2 mm. Not only is important
the amount of heat supplied to the reacting mixtuue the distribution along the
channel. The numerical simulations of the watergiaft reaction make it possible to
find the reactor operating conditions with the ghcarbon monoxide conversion
levels.



The numerical simulations performed in case thel weahperature linearly
decreasing along the microchannel has allowed en@athe water gas shift reactor.
The superior operating conditions are the followitlge temperature at the outlet of
the reactor is 280 C and the inlet temperaturd@fmbixture is 480 C. The CO vyield
with uniform profile of temperature along the michannel is about 2.7 % and with
non-uniform temperature is about 0.8 %. So, norfieam temperature distribution
along the reactor makes it possible to combineatiheantages of high-temperature
and low-temperature conversions.
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NOMENCLATURE

Cp | [J/(kgK)] Specific heat

D | [m%s] Diffusion coefficient

h [J/kg] Specific enthalpy

hO | [J/kg] Standard enthalpy of formation

H [m] Channel height

M | [kg/mol] Molar weight

P [kPa] Pressure

q | [wWim] Heat flux

r [mol/(m’s)] Reaction rate

Run | [J/molK] Gas constant

S [mol/( nfs)] Rate of component appearance (disappearance)

T K] Temperature

U [m/s] Longitudinal velocity

V | [m/s] Transverse velocity

X [m] Cartesian axis direction

X [-] Mole fraction

y [m] Cartesian axis direction

Y |[] Mass fraction

Greek characters

A [W/mK] Thermal conductivity

VI [kg/ms] Dynamic viscosity

w | [s"] Vorticity

] [kg/ms] Stream function

p | [kg/m’] Density

Subscripts

0 Wall

i Index

] Index
REFERENCES

1. Amosov A.A., Dubinskyi U.A., Kopchenova N.V., 200%/jchislitelnie

metodi dlya injenerov. Moscow “MEI”.




2. Fletcher R., Powell M.J.D., 1963, A rapidly conwamg descent method for
minimization, Computer J. Vol.6 N.2 pp 163—-168.

3. Froment G.F., Bischoff K., 1990, Chemical Reactoralysis and Design.
2nd ed. New York: Wiley.

4. Germani G., Schuurman Y., 2006, Water-Gas ShiftcRaa Kinetics Over
H-Structured Pt/CeO2/AI203 Catalysts, AIChE, volNe25. pp 1806-1813.

5. Hou, K. H. and Hughes R., 2000he kinetics of methane steam reforming
over a Ni/1-Al203 catalyst, Chem Eng Journal, Vol. 82(1-3) 311-328.

6. Kuznetsov V.V. Kozlov S.P., 2008odeling of methane steam reforming in
a microchannel with a heat flow distributed in ldngJournal of Engineering
Thermophysics. Vol. 17 N. 1. pp. 53-59.

7. Kuznetsov V.V, Vitovsky O.V, and Gasenko O.A., 208kthane steam
reforming in an annular microchannel with Rh/AI2G&talyst, Journal of
Engineering Thermophysics, Vol 18, N3, PP 187-196.

8. Kuznetsov V.V, Vitovsky O.V, and Gasenko O.A., 20Upravlenie
reakciyami polucheniya vodoroda pri parovoi konirera micro i nano mashtabah.,
RNHTC5 2010 Moscow.

9. Mason E.A., Saxena S.C., 1958, Formula for thentaéconductivity of gas
mictures, The Physics of Fluids, Vol. 1, 361-369.

10.Reid T.K. Sherwood R.C., 1966, The Properties afeSaand Liquids, New
York: McGraw-Hill.

11.Spatenka S, Fila V, Bernauer B, Fulem J, Germars¢huurman Y., 2005,
Modelling and simulation of microchannel catalWMGS reactor for an automotive
fuel processor, CICEQ. Vol. 11, iss. 3, pp. 143-151

12. Tonkovich Anna Lee Y., Yang B, Perry S.T, Fitzgdr&.P. and Wang Y,
2007, From seconds to milliseconds to microsecdhasigh tailored microchannel
reactor design of a steam methane reformer, Caadlgslay, Vol. 120, Iss 1, P 21-29.

13.Vargaftik N.B.,1996Handbook of Thermal Physical Properties of Liquids
and Gases, Begell House, New York.

14.Wender 1. 1996, Reactions of synthesis gas, Fuetd3sing Technology
Volume 48, Issue 3, Pages 189-297.

15.Wilke C.R.,1950, Viscosity equation for gas mixsjrd. Chem. Phys., Vol.
18, 517-521.

BIOGRAPHICAL NOTES

Mr. Stanislav P. Kozlovis PhD student at Institute of Thermophysics Samer
Branch of Russian Academy of Sciences. He is augtadof Novosibirsk State
University (2008). His research interests are corext with the study of catalitic
reactions,hydrogen production, fluid dynamics, hemtd mass transfer in
microchannels.

Prof. Dr. Vladimir V. Kuznetsov is a head of Department of Engineering
Thermophysics and Laboratory of Multiphase Systénmstitute of Thermophysics
Siberian Branch of Russian Academy of Sciences. di® is Professor of
Novosibirsk State University, Russia. He is a geduof Novosibirsk State
University (1972) and he was awarded PhD (1978) @8d (1995) at Institute of



Thermophysics Siberian Branch of Russian AcademySofences. His current
research interests are concerned with the studgmfiarity, fluid dynamics, heat and
mass transfer in multiphase and multi-componemwdlancluding the phase change
phenomena and catalytic reactions in mini and moltaonel systems. Prof.

Kuznetsov has published more then 140 articlesrooye variety of topics. He is

Deputy Editor-in-Chief of Journal of EngineeringeFmophysics.

CONTACTS

Prof. Dr. Vladimir V. Kuznetsov

Kutateladze Institute of Thermophysics SB RAS
1, pr. Akademika Lavrentjeva

Novosibirsk, 630090

Russian Federation

Tel. +7 (383)3307121

Email: vladkuz@itp.nsc.ru

© S. Kozlov, V. Kuznetsov, 2010


mailto:vladkuz@itp.nsc.ru

SYNTHESIS OF ZNO, ZRO2 AND WO3 NANOPARTICLES AT
INTERACTION OF BULK METAL SAMPLES WITH SUB- AND
SUPERCRITICAL WATER

Anatoly A. VOSTRIKOV, Andrey V. SHISHKIN, Oxana N. FEDYAEVA and
Mikhail Ya. SOKOL, Russian Federation

Key words: oxide nanoparticles, synthesis, supercriticalewat

SUMMARY

Bulk samples of solid and liquid metals (Me: Zn, ¥f) were oxidized by sub-
and supercritical water with formation of nanodimienal crystals with various
morphology: hexagonal ZnO nanoparticles, nanowisskemonoclinic ZrQ
nanoparticles; monoclinic WOnanowiskers. At synthesys the flow and batch
reactors were used. In experiments we measuredetatopeT and pressure in the
reactor, reagent composition and parameters ofhegited samples. The cluster
mechanism of Menanoparticles formation is offered. Using quaesitmeasured in
experiment, the change ob ldmounts fronT and timet: nq,(T, t) is determined. At
calculations we took into account the nonidealityroxing in H,O—H, system. On
the basis ohy,(T, t) curves the kinetics parameters of Me oxidizingwater were
calculated. Synthesized samples were studied bynsga and transmission electron
microscopy with EDX spectrometer, BET method, etattand X-ray diffraction.
The photoluminescence of ZnO samples was investigafarried out researches
have shown an opportunity of making of new techg@® of nanodimensional
crystals synthesis with the given properties anel filrmation of nanostructured
materials, in particular cermets, on the basisrobzidizing of metals by sub- and
supercritical water.

AHHOTAIIHAS

MaccuBHble 00pa3ibl TBEpAbIX M kuakux MeramioB (Me: Zn, Zr, W) Obuin
OKHUCJICHBI Cy0- W CBEPXKPHUTHUECKOH BOJOH C 0OO0pa3oBaHHMEM HaHOPa3MEPHBIX
KPUCTAJUIOB Pa3IuYHOW MOP(OJOTHUU. HAHOYACTHIBI M HAHOYCHI T'€KCAaroHaJIbHOTO
ZnQO; HaHouyacTHUIbl MOHOKJIMHHOTO ZrO,; HaHoychl MoHOkIMHHOTO WO;. Ilpun
CUHTE3€ WCIOJIb30BaHbl PEAKTOPHl MPOTOYHOTO M TEPUOIUYECKOTO AchcTBUsA. B
OKCIIEPUMEHTAX WU3MEPSIINCh TeMIleparypa | W JaBICHHE B PEaKTOpe, COCTaB
PEareHToB W MapaMeTphl OMYyUYeHHBIX 00pa3ioB. [Ipeaioken KiracTepHbIi MEXaHU3M
oOpa3zoBaHus HaHOYACTHI]. VICTIONMB3ysl M3MEpPEHHBIE B DKCIEPUMEHTaX BEIMYWHEI,
ObUIO ompeneneHo m3MeHeHne konmdectBa H, ot T u Bpemenu t. nyy(T, t). Tlpum
BBIYHMCIICHUSIX YUYUTHIBAJIACh HEUEATLHOCTh B3anmoeicTBus B cucreme H,O—H,. Ha
ocHOBe KpUBBIX Npo(T, t) ObLIM BBIYMCIICHBI KMHETHYCCKHE MapaMeTPhbl OKUCIICHHUS
Me Bomoii. CuHTE3MpOBaHHBIC 00pa3Ibl OBLIN KMCCICIOBAHBI HAa CKAaHUPYIOIIEM M
MPOCBEUMBAIOIIEM  JJIEKTPOHHBIX  MHUKPOCKOIIAX, 000pyI0BaHHBIX EDX
CIEKTPOMETPOM, MeToJ0M BbOT, 3IeKTPOHHBIM U PEHTICHOBCKUM JTU(DPAKTOMETPAMH.
Uccnenosana doromomunectennus obpasnoB ZnO. IIpoBeneHHbIE HCCICIOBAHUS



MMOKa3bIBAIOT BO3MOXKHOCTH CO3/IaHUS HOBBIX TEXHOJIOTMH CHUHTE3a HAHOPA3MEPHBIX
KPUCTAJUIOB C 3aJaHHBIMU CBOMCTBAMU U O0pa30BaHUS HAHOCTPYKTYPHUPOBAHHBIX
MaTepuasgoB, B YAaCTHOCTU KEPMETOB, Ha OCHOBE OKHCJIEHUS METAJJIOB CyO- U
CBEPXKPUTHUYECKOU BOHOM.

1. INTRODUCTION

The prospects of ZnO application is first of allated in optoelectronics due to
the wide band gap (E 3.37 eV, at 25C) and high energy of excitons ~60 meV
[Ozgiir 2005]. Photoelectric properties of nanodisiemal ZnO samples serve a
basis for various photoemission devices [Huang PROQihotosensors and
phototransistors [Fan 2004], frontal layers of plagdisplay panels [Yoon 2007].

Using ZnO nanorods as a component of field-effeandistor the higher
coefficient of switching up to fcan be obtained [Kim 2006]. Perspectives of ZnO
application as highly sensitive element in sounatation generators and receivers
are based on the higher value of effective pieobete module ¢; in
nanodimensional template (2.7 times compare to birgle-crystal) [Zhao 2004].
Varistors obtained by means of sintering of nanstadyZnO, show puncture potential
1.7 times higher compare to industrial disk onabajF2003]. Strong dependence of
electric conductivity of ZnO from surface electrorgtates at molecular adsorption
serves to the development of highly effective gasl asapor sensors: H
dimethylamin [Roy 2002], ethanol [Chen 2006], N&O [Wang 2006], k5, CHO,
liquefied petroleum gas, gasoline [Xu 2006] on basis of ZnO nanoparticles. Use
of nanostructured ZnO for catalysts development éiample, Cu/ZnO, applied for
methanol synthesis [Ertl 1997]) can improve thaitatytic properties for example by
active centers stabilization [Khassin 2006].

Nanocrystalline zirconia has attracted consideraitention because of its
diverse practical applications in fuel-cell teclogy as electrolyte membranes [Xin
2007], its use as Ni/ZrQcatalyst for hydrogen production [Yan 2009], atsduse as
oxygen and ethanol sensor [Tan 2004].

Tungsten trioxide is an indirect-gap semicondudiamodimensional WPhas
the strong photoluminescence [Feng 2005], thatnigsual for massive samples.
Electrochemical properties of WQallow using it as the positive electrode in
recharged lithium batteries [Huang 2008]. Nanopkasi of WQ used as a sensitive
element of gas and vapor sensors: ethanol, methkheithanol, NG NO, NH;, CO,
H,S, acetone, formaldehyde, benzene, moisture [CA6,2Dhen 2010, Ho 2003, Li
1996, Li 2006, Shen 2009, Solis 2001, Xu 2008]. §as- and electrochromic effect
of WOs; has important applications in energy savingsef@mple, in a smart window
[Luo 2009] and flexible electrochromic devices [\¢h2009]. Nanocrystalline WO
shows enhanced photocatalytic activity for orgasubstances decomposition under
visible light [Sadakane 2008].

To receive nanodimensional ZnO, Zr&nhd WQ structures various methods are
used. The easiest is gas-phase methods basedmitaheapor deposition (CVD) at
oxidation of metal vapor or metal organic compoumdaurrent or atmosphere with
oxygen-containing gas [Zhang 2006, Codato 1999, €@09, Solis 2001]. To
decrease the temperature of the generation pramesanostructured ZnO, ZpD



WO; various solution methods are widely used [Sun 2@#racoche 2009, Wang
2009].

Hydrothermal synthesis has become widespread sinctided various
technologies of crystal generation in water sohgiovith high temperature at high
pressure. Most often researchers use “soft” omfdmnydrothermal synthesis (T < 523
K). As a rule, water solutions of inorganic andamg salts of metal are used as a
source of Zn, Zr, W. Choice of metal precursor, gemature regimen and time of
growth, surfactants and reactionary agents determmorphology of growing
nanocrystalline metal oxides and synthesis tima RB87, Kumari 2008, Shen 2009,
Xu 2008].

In the area of sub- and supercritical water pararseproperties (density,
dielectric penetrability, ionic product of watemdastructure of hydrogen bonds)
significantly change [Wagner 2002]. As a result-sabd supercritical water can be
used as a solvent, reagent and catalyst. High tgepfsivater and high temperatures
serve to decrease synthesis time to several mirauntéseven fractions of a second
that makes possible the use of flow reactors faott®sis [Sue 2003, Hayashi 2009].
At the reaction of sub- and supercritical waterhwiiulk samples of bulk zinc,
aluminum free of extra additions and reagents weehaund out fast forming
nanoparticles of ZnO, AD; [Vostrikov 2009a, Vostrikov 2010]. This paper et
results of ZnO, Zr@ and WQ nanoparticles production at bulk metal samples
oxidizing by sub- and supercriticab® and characterization of samples.

2. EXPERIMENTAL

The principal scheme of the experimental setup W or batch reactors and
procedure of experiments are described in [VostriR009a]. In experiments we
measured temperature T and pressure P in the reaetgent composition and
parameters of synthesized samples. Pressure wasiredaby the membrane strain
gauges and written digitally; the temperature wasasared by the chromel-alumel
thermocouples. The reactor and preheaters weredégt the outer ohmic heaters
with temperature programming. Metal (Me) samplesrew@repared by zinc,
zirconium, tungsten of a high-purity grade, ancdpto be loaded into the reactor
they were cleaned mechanically from oxide film, ethimpeded (MeQ), synthesis
at oxidizing [Vostrikov 2009a, b]. Zinc samples weplates of. 2-mm thickness,
zirconium samples were plates of 0.1 mm thickness tungsten samples were
plates of . R-mm thickness or semicylinders of 5 mm diameter.

Experiments carried out in isothermal and nonisotlaé technique. At
nonisothermal technique cell with metal and cethwvater were loaded into reactor
at room temperature and inert atmosphere, andefurigmactor heated with rate 2
K/min up to 1020 K. Such technique allows determgnthe initial temperature of
appreciable oxidizing at selected rate of heatifige pressure of water fluid of
reactor reached up to 54 MPa.

At isothermal technique cell with metal were loadatb reactor at room
temperature and inert atmosphere. Preheater filledvater completely. Further
reactor and preheater divided by valve are hegtdd given temperature (up to 1020



K). At supporting of given pressure in preheater slurplus of water let out. After
achievement of given temperature the valve wasexgband water fluid (or vapour at
T < T, injected to reactor. The pressure in reactor reheater was aligned the
valve was closed. Experiments carried out at watessure up to 35 MPa. To
determine the amount of M®&,, we used the results of weighting of a metal
comprising cell before and after the experiment.

The structure and elementary composition of symtbdssamples of (MeQ),
were analyzed by the transmission electron micqeseTEM) of high resolution
JEM-2010, equipped by the energy dispersive X-naglyaer (EDX) with energy
resolution not lower than 130 eV, and scanningtedaecmicroscopes (SEM) JSM-
6700F (with EDX system), LEO 420. Also structurbacacterization was conducted
using X-ray diffraction (ThermoARL X-ray diffractoster).

Photoluminescence (PL) measurements of ZnO wereedayut on the basis of
an open architecture unit [Sorokin 2001] in the esoh designed similar to
[Rastorguev 2007]. A 250 W hydrogen lamp was usetha radiation source. The
lamplight was filtered by a monochromator, and éeitation line with wavelength
of 365 nm (3.4 eV) was extracted. Then the radiatvas focused on the sample. The
PL radiation was analyzed by another monochromatdhe same type, and then
proceeded to a multialkali photocathode low-noisetpmultiplier (PhEU-100).
Further the reinforced signal was transmitted t@omputer. During PL-spectra
scanning the breadth of slots was fixed and pravigsolution less than 3 A. The
spectra were recorded at room temperature in &rowi any correction for spectral
response of a registering section. The choice pfawedure was conditioned by
separation of exciton band € 393 nm) specific for ZnO and reacting to crysteli
perfection of a sample.

Samples of ZnO were studied by the BET method fremtherms of nitrogen
absorption.

3. RESULTS AND DISCUSSION

Reaction between bulk metal and water fluid (orowap may be described by
equation

Me + xnHO = Md(MeQ,), + xnH,. (1)

The cluster mechanism of (Mg nanoparticles formation on ZnO example is
offered in [Vostrikov 2009a]. Using quantities meaes] in experiment, the change of
H, amounts from T and time t: amount ob Ifhole n(T, t) is determined. At
calculations we took into account the nonidealityroxing in H,O—H, system. On
the basis of (T, t) curves the kinetics parameters of Me oxitizby water was
calculated.

At assumption of first order of reaction (1) andri®mius dependence for
reaction rate constant

k = keexp(—E / RT), (2)

Where: E is activation energy, R is universal gaastant, we have kinetic
equation

dny, / dt = qvu(S / Ve pkeexp[-E / RT], (3)



Where: , is amount of KO mole in reactor, yis average thermal speed of
water molecules, S is initial surface of metal sknyr ¢ is volume of reactor free for
gas and water fluid. Calculation shows at T = 978K effective rate constant k of
oxidizing reaction grows in series W, Zr, Zn. Adiwn energy E for studied metals
grows in series W, Zn, Zr.

o N —

b)

Fig. 1. SEM (LEO 420) images of ZnO nanocrysta)sianoparticles formed at 1020
K; b) nanorods formed at 520 K

Electron microscope study shows:

— Formation ZnO nanoparticles with the size of 2-106, nanorods and
nanowhiskers with the diameter of 10-100 nm andtlenp to 5qum, Fig. 1;

— Formation ZrQ nanoparticles with the sizes of 4-100 nm, Fig. 2;

— Formation WQ nanorods with the diameter of about 15 nm andtleng to
1 um, Fig. 3.

Measurements of interfacial distance, carried ath application of 2D Fourier
transformation [Vostrikov 2009b], showed formatiohhexagonal ZnO (see JCPDS
card 36-0101). X-ray diffraction study of produdt axidizing of Zr and W by
supercritical water showed formation of monocligr©, (see JCPDS card 37-1484)
and monoclinic W@ (see JCPDS card 43-1035) respectively.



Fig. 2. TEM images of Zronanoparticles formed at 870 K

Synthesized by us ZnO nanoparticles can have aehigatalytic activity: a
specific area of (Zn@Qpamples, determined by the BET method from isoteesim
nitrogen absorption at 77 K, was 10.0+0.%5gnand for industrial ZnO with the
average size of particles of 300+50 nm it did nateed 4.9+0.4 fg.

PL study of different samples demonstrates that spdctra of ZnO
nanostructures are sensible to the shape of mmtitheir size, temperature and
method of formation [Vostrikov 2009b]. Comparingespra and average size of
nanoparticles in the samples we can conclude i range of 60 — 300 nm impact
of the average particle onto PL spectrum is indssetmpact of the crystal shape is
more significant. Narrower radiation spectrum (ogheen band of the spectrum)
belongs to ZnO sample with nanoparticles and féatonvhiskers. Samples with ZnO
nanoparticles only showed PL in widest intervalhaf visible diapason.
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Fig. 3. SEM (JSM-6700F) images of W@anoparticles formed at 870 K

4. CONCLUSION

Carried out researches have shown nanodimensioystils synthesis on the
basis of an oxidizing of bulk metals by sub- andesuaritical water. Characterization
of oxide nanocrystals have directed that its priperdepend on morphology and
hence they depend on conditions of synthesis. Topepties of water significantly
change in sub- and subcritical field of temperatmd pressure. So we can to create
new nanostructural materials with given propertiesly operating by parameters of
synthesis.
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FLOW BOILING HEAT TRANSFER OF REFRIGERANT IN MINI AND
MICRO CHANNELS

Alisher SHAMIRZAEYV, Viadimir KUZNETSOV, Stanislav K OZLOV, Russian
Federation

Summary

Liquid flow boiling in mini and microchannels is a@facterized by determining
the influence of the effects of constraint on tlevfregime and heat transfer. This
paper considers heat transfer in boiling of refiagé R21 in a rectangular
minichannel with cross section 1.6x6.3 mm and & assembly of microchannels -
0.64x205 mm in the range of mass velocities fronid3330 kg/m2s and heat flux up
to 160 kW/m2, the reduced pressure from 0.03 t@ Ar@ the vapor quality from O to
1. The experiments were conducted at initial unel@ihg and given initial vapor
guality at the entrance to the channel. The datdocal heat transfer coefficients,
including in crisis mode of heat transfer was algdi A comparison of experimental
data with known models of heat transfer during itigtlowboiling in mini and
microchannels was done. The modification of modl@scalculation heat transfer at
liquid flow boiling was offered.

Summary

Kunenue aBmxyImiecs KUAKOCTH B MUHU M MHKPOKaHajJaX XapaKTepHU3yeTCs
OTIpEENSAIONMM BIUAHUEM d((EKTOB CTECHEHHOCTH Ha PEXUM TEYEHUs U
TeruiooOMeHa. B maHHOM paboTe paccMOTpeH TeIiooOMeH MpHU KUIEHUH XJaJoHa
R21 B mnpsMoyronbHOM MUHHUKaHaie ¢ 3azopom 1.6x6.3 MM u B cOopke
MukpokaHaioB 0.x2 MM B quanazoHe MaccoBbix ckopocteid or 33 mo 230 kr/mM2¢ u
TermIoBbIX MoToKOB j0 160 xB1/M2, mpusenennoro gasienus or 0.03 go 0.07 u
napocozaepxanuss or O no 1. OnbIThl NMPOBEIACHBI NPU HadyalbHOM HEIOTPEeBE U
3aJJaHHOM HayaJbHOM MAapOCOACPKaHWU Ha BXoJe B KaHail. llomydeHsl JaHHBIE 1O
CTPYKType TEUEHHUS W JIOKaJbHBIM KOd(PQHIIMEHTaM TeIIooTaa4yl, B TOM YHCIIE B
pexxume Kpusuca TeruiooOMeHa. [IpoBeneHo cpaBHEHHME HSKCHEPUMEHTAIBHBIX
JAHHBIX C W3BECTHBIMU MOJEISIMH TEIJoOOMeHa MpH KUIMEHUH ABIKYLIEHCS
’KUJIKOCTU B MMHU ¥ MUKpOKaHaJax, MpeyiokeHa UX MOIU(pUKAIIHS.

1. INTRODUCTION

Heat transfer at the flow boiling in microchanneslsvidely studied since it has
the high efficiency for cooling of electronic commamts Bar-Cohen, Rahim, 2007)
and for application in energy industry potentiallyhe ratio of the heat transfer
surface to the micro channel’'s volume increasasviarse proportion to the diameter
of the channel which causes the high intensity e&thtransfer in the mini and
microchannels devises.

Despite the considerable number of works performeate fluid flowboiling in
channels of small size, the data of these expetahstudies rather contradictory. In
(Steinke, Kandlikar, 2004), Kuznetsov, Shamirzaey 2007a), the microchannels in



the heat transfer coefficients in boiling dependntyaon the heat flux and pressu
In (Kuznetsov, Shamirzae\ 2007b), Dong et al,2008) shows that for minichannt
systems contribute to the nucleate boiling heatsfiex is not dterminative, the he:
transfer coefficients increase with increasing o®jo and steam content, a
influence of the heat flux is sm:

The aim of this work is to conduct systematic stsdof heat transfer duri
boiling of a moving R21 refrigerant ir rectangular minichannel and in microchar
heat exchanger. The use of channels in two possible to distinguish the influen
of the channel'size on heat transfer, to investigate the mechaofdneat transfer |
these circumstances, to verify eting models for calculating heat transfer dut
boiling of a moving fluid irconfined spacand propose their developme

2. EXPERIMENTAL APPARATUS AND METHODS

Scheme of the experimental setup used to studyhéla¢ transfer at the flo
boiling in a rectangular minichannel is presented(Kuznetsov, Shamirzae\
2007b). The thirwalled rectangular minichannel heated with thera#ieng electric
current was madby pressing a stainless tube with diameter of Smaill thickness
of 0.1 mm and length of 350 mm. The rectangulass-section of minichannel |
1.6x6.3 mm. The length of the minichannel rectaagwection is 250 mm. Tt
rectangular section of the chall is installed in a vertical way. The wall roughaes
about of 5 microns. Type thermocouples are glued in 4 sections of tlanel or
the outer surface. It make possible to measurbehetransfer coefficient distributic
on the perimeter of the chiael

Scheme of the experimental setups used to studhehe transfer at the flo
boiling in a microchannel heat exchanger is shownFig. 1. The Freon frot
condenser is fed through a filter and the flow calfér Bronkhorst H-TECH via the
pump. Thenit goes through the thermostat and enters intoetregorator to mak
liquid-vapor mixture flow with defined vapor quality. Tfiew from the evaporatc
enters into an experimental test section and thenthe condenseFluid flow rate
was determined bthe flow controller with an accuracy of 0.022 g/

l

ADC ‘ Test section \| Condensator

Steam generator
flow X

conhtroller < Exchanger

Thermostate

Fig. 1. <cheme of the experimental stand

(—]




Microchannel plate of the experimental test seasamade by the stainless steel
milling, Fig. 2 (a). It has 10 microchannels of W40 mm, hydraulic diameter of
0.975 mm, 1.15 mm thickness of the ribs, the d#drom the outer wall to the base
of the ribs is 2.4 mm. 14 T-type thermocouplesardedded to a depth of 0.6 mm
into the wall at the seven sections along the ledthe heat exchanger to measure
the temperature of the wall. Thermocouples araliest at the 5, 30, 55, 65, 90, 110
and 115 mm from the beginning of the channels.

Two insulated K-type thermocouples are installethatinlet and outlet chamber
to measure the input and output temperature offltve The evaporator at the
entrance of the experimental site defines theainitapor quality regardless of the
value of the heat flux supplied to the heat exckanghe heat supply to the heat-
exchanger is realized on the one side of the exgrama the copper block with
mounted heat-cartridges, Fig.2 (b). Second copfmaklcompensates the heat loss.
The Size of blocks is 130x60x25 mm. The maximum gos 380W.,

P,T port

outlet
stell Outlet

plates

Stainless [F‘

0.64x2.05 mm

Lt

-
=
120 mm

q

o

L

Fig. 2. Scheme of the experimental test section

During the experiment, there is a continuous surgéyemperature and is
determined by the standard deviation of each teatper on the five dimensions.
Complete cycle of 5 measurements takes 50 secbhdsegime is established, when
measured by the drift of the average wall tempeeatioes not exceed 0,1 K within
fifteen minutes. The field of temperatures in expental set up has been registered
during 15-20 minutes after stabilization of flowhérmocouple K and T types
calibrated together by a platinum resistance therater Pt-100 (ATA-2210) in the
temperature range from 15 to 100 C, the error iasugng the temperature does not

exceed 0.1 K.
The measured local overall heat transfer coefftaedefined as:

Kj - qw,j /(Tw,j _TsaLj) (1)

Where: Tsat,] — saturation temperature correspgnidirthe given thermocouple,
Tw,j — external wall temperature microchannel plaketermined from the measured
temperature, taking into account the temperatuadignt in the wall, gw,j — a local



heat flux. Pressure distribution along the lengtithe microchannel was determined
by linear approximation of the measured input amighat values. Local heat flux was
determined by measuring the temperature gradighegtlate

CIw,i = /]W(ATw,i /Lq,i ) (2)

3. REFRIGERANT FLOW BOILING HEAT TRANSFER IN
MINICHANNEL

3.1 Structure of flow

The fluid flow boiling in confined space was chdemzed by a significant
influence of capillary forces on the structure d¢fetflow. Carried out flow
visualization revealed a fundamentally differeotirflregime for the Weber number is
smaller and much larger than one, which varies thighpressure and mass velocity.

At high mass velocities and pressures shown arealyplug flow with intensive
boiling of liquid in the liquid plug and annularof (Kuznetsov, Shamirzaey
2007a). The fundamentally different character 8 boiling of refrigerant at low
speeds and low pressures shown in Fig. 3. Chaistatdtow regimes here are for

large bubbles, slug and annular flow regimes witkigmificant liquid flow in the
corners of the channel.

Fig. 3. Flow boiling regime in a rectangular chanfefrigerant 11

3.2Flow boiling heat transfer in minichannel

Fig. 4 shows the experimental data on the deperdehthe coefficient of heat
transfer during boiling of refrigerant 21 in recgathar mini-channel 1.6x6.3 mm with
a mass velocity of 220 kg/m2s. It was found thataphe heat flux is equal to 30
kW/m? the crisis of heat transfer at the exit of chanisehot observed and the
complete evaporation of liquid in the channel maguw. Heat transfer coefficients
depend only weakly on the density of heat flux &mel predominant mechanism of
heat transfer is a two-phase forced convectiorned.in Fig. 4 are shows calculations
by model from Kiu, Winterton, 1991) which was modified inK{Uznetsov,
Shamirzaey, 2007a, 2007b) and by mod&bm (Balasubramanian, Kandlikar,

2004). A modified model of Liu & Winterton best deibes the experimental data
with the mass velocity 220 kgfm



q~{27-33} kW/m® , R21, G={208-230} kg/m’s,
upflow.

8000

7000

6000

5000 F

4000 . .

3000

2000

1000 |

0 ! ! .

0 0.2 0.4 0.6 0.8 1
X
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Experiments showed that for the mass speed of B&&ghere is a substantial,
up to 2 times, the excess of the measured heaféracoefficients compared with the
calculation for all considered models. The reaswriHis may be changing the regime

of heat transfer when changing the ratio of capllaessure on the scale size of the
channel and the dynamic pressure. Fig. 5 showsiépendence of the measured
coefficient of heat transfer to the calculation the modified model of Liu &
Winterton for Refrigerant R21, and R132a, obtaibgdoiling in a tube diameter of
2.06 mm. Line in Fig. 5 shows the approximate retator the constraint factor

LIJcon = 1+ 12/eXp(O8 Nvedll _liquid 035)



Using constraint factor (3) in the modified model biu & Winterton
(Kuznetsov, Shamirzaey 2007a, 2007b) as a multiplier factor in the factd
suppression of boiling increases the accuracy lotitaion of heat transfer in boiling
in micro and mini channels, especially for smalbemelocities and reduced pressure.

4. REFRIGERANT FLOW BOILING HEAT TRANSFER IN
ASSEMBLAGE OF MICROCHANNELS

The studied the heat exchanger was made of staiastesl a material with low
thermal conductivity. In the case where the domtimaachanism of heat transfer is
boiling, local heat transfer coefficients dependtlo@ heat flux. Since the fins of the
heat exchanger have a low thermal conductivitytémeperature along the fin varies
considerably and consequently the local heat flod the local value of the heat
transfer coefficient changes during boiling. Theref the use of fin efficiency
methods for determining the values of local heatgfer coefficients in cross-section
of the heat exchanger is incorrect, and here th@nitlen of overall transfer

coefficients was done.
G=171.6 kg/m’s
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Fig. 6. Dependence of the local heat transfer aoefit microchannel heat exchanger
of the heat flux at a mass flow rate of 171.6 Kg/m

Fig. 6 shows the dependence of overall heat tragstfficient in forced boiling
of refrigerant R 21 in the microchannel heat exgearat a mass flow rate of 171.6
kg/nts. Vertical bold lines — flow regime transition:sthed line Bubble — plug and
intermitted flow regime; dotted dashed — plug aménmitted — annular flow regime.
Transition of flow regimes was determined Bgifel et al, 1980).

We find that for bubble flow regime overall heatrisfer coefficient increases
with increasing heat flux density, therefore, thecleating boiling mechanism is
dominant. In plug and intermitted flow regime theell heat transfer coefficient
increases with increasing heat flux density upwalfj< 113 kW/ni. In larger heat
flux density the saturation reaches and the groeifttheat transfer coefficient is
terminated. For plug and intermitted flow regimaht&ansfer coefficients have low
dependence from vapor quality. When vapor qualdyesponding to annular flow



regime the heat transfer coefficients decrease wapor quality increase. This
indicates to suppression of boiling in liquid fifler annular flow regimes.

In the (Kuznetsov and Shamirzaev2007c) the criteria for boiling suppression
were proposed as ratio of the thermal sublayekmti@ss yth) determined as:

Yin- [Pt [Tw/P e @
Vf

Where: wall shear stress determined by (Asali et1885), to the cavity
diameter based on the tangency criterion for ilecipe in the film (dtan) determined
as

o = J&ﬂsm(pf Pg)Ks 5)
PgPNtgOw

Boiling suppression starts if the ratio of therreablayer thickness to the cavity
diameter based on the tangency criterion for iecipe falls less then 3.5 and
becomes completely suppressed, when it becomethkas2.

To compare the data with known models of heat teardwuring boiling in small
size channels the numerical calculations of haaister was done for heat flux trough
external wall equal 113 kW/m Simulation was performed for the real heat
exchanger’s geometry. On the surface of the chamesd set boundary conditions of
the third kind. Overall heat transfer coefficienasvdefined as the ratio of the heat
flux on the outer wall to the difference betweenusation temperature and the
temperature of the outer surface. The results l@utzions are shown in Fig. 6 as
thin lines — dotted line by corrected Kandlikarrrelation (Kandlikar 2010); solid
line by modified Liu & Winterton correlations wittaking into account constraint
factor (3), solid point — numerical calculations lyodified Liu & Winterton
correlations with taking into account constrairdtéa (3) and boiling suppressing for
annular flow regimes as a multiplier factBK depending fromyth/dtan. When
yth/dtan > 3.5 th&K is 1, for 2<yth/dtan < 3.5 th&K determined as linear function
from 1 to zero and foyth/dtan < 3.59-K is zero.

Calculation overall heat transfer coefficients aridlikar 2010) have similar
dependence from vapor quality but underestimateergxgntal data. Corrected Liu
Winterton correlation is close to experimental data

Different distribution of local heat transfer caeiént can give close value of
overall heat transfer coefficient for microchanhekt exchanger. For checking the
best correlation the calculation of temperaturigkifin real heat exchanger geometry
for conditions corresponding to experimental dataannular flow regimes with
different boundary conditions was done. Fig. 7 shdle field of temperature for
different cases. We measure temperature on the sioéd of heat exchanger in the
middle. Experimental difference between cold sidd gaturation temperatures in
considered case is 5.5 K. For constant heat traostdficient this difference is 1.9
K. For heat transfer coefficient determined by Winterton correlation with eq. (3)
this difference is 3.5 K. For heat transfer co&it determined by Liu Winterton
correlation with eq. (3) and with factor of boilisgppression this difference is 5.1 K.
Last case has a best agreement with experiment.
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Fig. 7. Temperature fields for different boundaoydition (element of symmetry).
Heat transfer coefficient along the perimeter arutel calculated as: case (a) —
constant; case (b) — by Liu Winterton with constréactor (3); case (c) — by Liu

Winterton with constraint factor (3) and suppregdwiling. T saturation is 303 K
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Fig. 8. Dependence of the local heat transfer aoefit microchannel heat exchanger
of the heat flux at a mass flow rate of 68.6 Kg/m

Fig. 8 shows the dependence of overall heat transfficient in forced boiling
of refrigerant R 21 in the microchannel heat exgesirat a mass flow rate of 68.6 kg.
Calcl is numerical calculation by modified Liu Wanton correlation with eq. (3),
calc2 calculated like calcl with taking into accobtive boiling suppression, calc 3 is
numerical calculation by (Kandlikar 2010). Vertidades depict to flow regimes
transition like in Fig. 6. Calculation overall he@ansfer coefficients by empirical
Kandlikar’s calculation (Kandlikar 2010) have bagreement to experimental data.
All calculations are close to experimental dataat annular flow regime conditions
and overestimate experimental data at annular fegame conditions. The reason for
this is probably surface dryness at high vaporituahd low mass velocities.

5. CONCLUSION

Experimental study of boiling heat transfer durftayv boiling refrigerant R21
in minichannel showed that heat transfer coeffisancrease with the decreasing
ratio of capillary pressure on the scale size efdhannel to the dynamic pressure. At
Weber numbers much greater than one data corresjpotice calculation of the
modified model of Liu & Winterton and models Kandir, and with Weber numbers
less than unity in the calculation must take intocaint the constraint that takes into
account the intensification of nucleate boiling.

Experimental data on boiling of refrigerant R21 tiee microchannel heat
exchanger showed that with increasing heat fluxsidigins more limiting, the growth
coefficient of heat transfer is terminated, andbagins to decrease with increasing
vapor quality. Comparison of experimental data viatlown models of heat transfer
showed that the divergence of experimental datacafdilation may reach 30 % or



more depending on the heat flux density and thal Isteam content. This shows that
a universal model for calculating heat transfeiirdyuboiling of a moving fluid in the
microchannel does not currently exist. The mordofacinfluencing on two-phase
heat transfer in confinement space are taking extoount the best agreement
calculation with experiment is obtained. A wide ety of factors that determine the
mode of heat transfer in boiling causes the needmtinue the work in this area.

This work was supported by RFBR, grant number 08®0&53a.
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STRUCTURE OF TWO-PHASE FLOW IN MINI- AND MICRO CHANNEL

Igor A. KOZULIN, Viadimir V. KUZNETSOV, Russian Fed eration

Key words: micro channel, two-phase flow, flow regimes, sflayy, statistical
analysis

Summary

The use of mini-and micro channels in various typéssquipment such as
compact heat exchangers, the space satellite il sim@s, microelectronics has led
to an understanding that the motion of two-phaseligaid flow in small channels
has become the subject of intense research Ip#per, the experimental research of
the structure of adiabatic gas-liquid flow was maite rectangular mini-and
microchannel with transverse dimensions «¥85mm and 0.62mm respectively.
For mini channel experiments were performed forucamt flow of water/carbon
dioxide under saturation conditions in the ranggad velocity 0.1+10 m/s and liquid
0.07+0.7 m/s. For the microchannel with transveliseensions 0.62mm as a gas-
phase nitrogen is used, the range of gas velo€ti®s-11 m/s, liquid 0.07+0.41m/s.
The experiments were conducted in predominanceittomsl of laminar flow liquid
and gas. Using the method of laser scanning, pgled photo and video received the
main regimes of adiabatic upward gas-liquid flowartical mini channel. As a result
of the experiments were constructed maps of flogymes. a comparison of border
regimes of flow calculated by the model of Mishimshii (1984), which gives the
best fit to experimental data. Dual-beam laser mcgnmethod allowed to measure
slug velocity in two-phase flow. We obtained thatistical characteristics of liquid
and gas phases. For the micro channel was detetmnessure drop for single phase
and two-phase flow regime. The pressure drop wagpaced with different models.

Summary

Hcnonp3oBaHWE MHHH- ¥ MHKPOKAaHAJIOB B OXJAKIAIOMIMX CHCTEMax
pa3IMYHOTO BHAAa OOOPYIOBaHMS TAaKUX KAaK KOMIIAKTHBIE TEMJIOOOMEHHUKH, B
KOCMHYECKHX CITyTHUKAX MaJbIX Pa3MEpPOB, MUKPOIJIEKTPOHUKE MTPUBEIIO K TOMY, YTO
MOHUMaHWE JBM)KEHUS ABYX()a3HOrO Ta30-)KHAKOCTHOTO TOTOKA B KaHAJIaX MajloTo
pasMepa cTajo MpeaIMeTOM HHTCHCHBHOTO MCCIICOBaHUS

B nmanHO# paboTe NpOBEACHO SKCIIEPHUMEHTAIBLHOE HCCIIEOBAHUE CTPYKTYPHI
aanabaTHOTO Ta30)KUAKOCTHOTO MOTOKAa B MPSMOYTOJIBHOM MHHHU- U MUKpOKaHaJIe C
nonepeuHbiMi  pasmepamu 1,783, 75mm u  0.6/A&2vMM  coorBeTcTBeHHO. Jlyis
MHUHHMKAHaja OMbBITHl MPOBEACHBI JJIS CIYTHOTO MOTOKAa BOMA/YIJICKHCIBIA Ta3 B
YCIOBHUSX HACBIIICHUS B JUana3oHe MpHBEeIEHHBIX ckopocred raza 0.1+10 m/c u
xuakoctu 0.07+0.7m/c. [Iyis MuKpOKaHaia ¢ nmonepedHbiMu pasmepamu 0.6 72vMm B
Ka4eCTBE Ta30BOW (ha3bl MCIIOJIB30BAJICS A30T, MUAIMA30H MPHUBEACHHBIX CKOPOCTEH
raza 0.04+1M/c, xuaxoctu 0.07+0.4%/C. OmnbITel NPOBEACHBI B  YCIOBUSX
npeoOnaanus JTaMHUHAPHOTO TEUEHHUsS TO JKUAKOCTH M Tasy. C HCHoab30BaHHEM
METO/Ia JIa3€PHOTO CKAaHWPOBAHMS, BBICOKOCKOPOCTHOW (OTO U BUICOCHEMKH



MOJTy4EHbI OCHOBHBIC PEKUMBI BOCXOJIAIIETO anabaTHOTO Ta305KHIKOCTHOTO TIOTOKA
B BEPTHKAJIBHBIX MUHHKaHajlaX. B pe3yiabraTte MpOBEICHHBIX YKCIICPUMEHTOB ObLIH
MOCTPOCHBI KapThl PEKUMOB TeucHHs. [IpOBEEHO CpaBHEHHE TPaHUIl PEKUMOB
TedeHus ¢ pacuérom mo moxeian Mishima Ishii (1984),xoropas naét Hawmmyudiee
COOTBETCTBUE IKCIICPUMEHTAIBHBIM JaHHBIM. VICTONb30BaHUE ABYJIYYEBOIO METO/A
Ja3epPHOTO CKAaHMPOBAHUS TMOTOKA IMO3BOJIMJIO HM3MEPHUTh CKOPOCTh TMEPEMEICHHUSI
CHaps70oB B JByX(a3sHOM TMOTOKe. B paboTe TMONydYeHbl CTAaTHCTUYECKHE
XapaKTePUCTUKH JABIDKEHUS JKUAKOW H Ta3oBod (a3. Jlns MuKpokaHamga ObLI
OIpEe/ICTICH Mepenaa MaBieHus s onHO(A3HOTO U ABYX(a3HOTO pekUMa TCUCHUS.
JlanHbIe 10 nepenany AaBaeHUs ObLTH CPABHEHBI C PA3THYHBIMEI MOJICIISIMH.

1. INTRODUCTION

Currently, there is substantial growth of interiestapillary hydrodynamics in
microsystems, boosted by the development of mieobednics in computers,
supercomputers, high-power lasers, medical equipneempact heat exchangers in
space systems. Two-phase flow in a channel withsterse size of order and less
capillary constant characterized determining ttileie@mce of capillary forces and the
effects of constraint on the regime of flow andtheansfer. For such small channels
it were important the problems of describing boureda of transitions between
different flow regime and to identify areas of ughce of capillary, gravitational,
inertial and viscous forces, the statistical patanse of the flow of gas/liquid
distribution slug velocity in slug-bubble flow rege and pressure drop.

Many works made on the study of two-phase regimesioall diameter pipes.
Characteristics of two-phase flow in channels ofalsmaross section and a brief
overview of works are presented in (Coleman JWG&imella S., 1999). Review
work performed by adiabatic gas-liquid flow in nachannels of different cross-
section given in (Sarisorn S., Wongwises S., 2008).

Most of the works on the study of two-phase flowsmall channels devoted to
determining the flow regimes (Barnea D., Luninsky ¥83; Suo M., Griffith P.
1984).

Flow regime in two-phase flow depends on many patars, such as given
speed phases, the geometrical parameters of tlmeanannel, the viscosity, capillary
effects, etc.

For the two-phase flow in a microchannel is of igatar importance slug flow
regime. In paper (Van Hout R., Barnear D., 2001} vaodtained the statistical
characteristics of slug flow, and their developmalioing the channel in tubes with a
diameter of about an centimeter.

At the same time, the statistical characteristicgas-liquid flow are absent in
channels of small transverse size in the literatimethis paper the structure of
vertical upward gas - liquid flow and its statislicharacteristics was obtained in
rectangular mini- and microchannel with a transeesize of the order and less than
the capillary constant.



2. EXPERIMENTAL SETUP

Experimental setup for determining parameters a tivo-phase flow in
rectangular mini- and microchannel is shown in Flg. Transverse dimensions
minichannel 1.783.75mm (hydraulic diameter 2.4 mm) length 0.7 re, ilansverse
dimensions of the microchannel 0x&7mm (hydraulic diameter 1 mm) length of the
microchannel 0.5m.

Fia. 1. Experimental sett

The working gas is carbon dioxide or nitrogen, whoame from the container
(1) through the adjusting valve and the flowme@y i6 the experimental site (5).
Water was supplied from the tank (4), then throtigd adjusting valve for liquid
flow, the flowmeter (3) and then into the mixingaohber, located at the bottom to the
experimental plot. The experimental section mad®of parallel glass plates glued
by epoxy adhesive with length L = 70 and L = 50 fommini- and microchannel,
respectively. Hydraulic diameter of the mini- andcrochannel is less than the

capillary to Permanent Watér= Ja/g(giq = Pgas) = 272 MM.

At the outlet of experimental section the gas-kguonixture was pumped by
peristaltic pump (6) into open tank with water @)this carbon dioxide was escaped
into the atmosphere, and saturated water was egtunto the experimental section.

To study the patterns of the gas-liquid flow thetlme of double laser scanning
was used. Two lasers (7) were located to illuminlgeshort side of the rectangular
channel by a light spot with the diameter of abth& channel size. The distance
between the beams was 35 mm. The lasers were pbvgrd EC-42 source (8).
Intensity of transmitted light was measured by pHdatdes (9) on the opposite side of
the channel. Signals from the photodiodes werestexgd by the high-speed card of
ADC (Lcard L-264) with the maximal sampling freqegnthrough all channels of
200 kHz, and then they were processed by PC lMalSigwere digitized with
frequency” = 2 kHz during 60 — 120 s. The flow was registeredh the face of the
channel by the digital video (WebCam Bix) and photo (OLIMPU%330) cameras.

3. STRUCTURE OF FLOW

Using the method of dual-laser scanning and higlegphoto and video obtain
the main modes of adiabatic upward gas-liquid flomw vertical mini-and
microchannel. A result of the experiments highleghthe following flow regimes:



slug-bubble, slug, emulsion and ring. Mode withcti$e bubbles in the channels was
not observed.

Bubble-slug regime in minichannel observed for shperficial velocity of gas
and liquid in the rangegJ= 0.51+0.64 m/s,4ds= 0.07+0.84 m/s. The structure of the
flow was more like a slug mode, with numerous shquid bridges. Figure.2 shows
the time sweep of the signal optical sensors amdogfaphs of the flow structure for
the bubble-slug flow regime in minichannel. Witltieasing reduced velocity in the
range ¢, = 0.07+0.38 m/s,4ds= 0.52+1.57 m/s. observed slug flow regime, wité t
characteristic form of the signal is shown in FigThis observed long shells,
separated by a short liquid bridge.
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Flg 2. The optlcal S|gnal from the Fig. 3. The optical signal from the photo-
phoodiode to the slug-bubble regime in diode to the slug regime in minichannel
minichannel g=0.64m/sJy,s=0.07m/s Jig=0.12m/s ¢s=1.18m/s

In microchannel bubble-slug flow regime is obseruedhe range superficial
velocity of the liquid =0.11+0.407 m/s and gag,30.04+0.31 m/s. the optical
signal is shown in Fig. 4.

In the range of superficial velocity,J= 0.066+0.407 m/s 4k = 0.51+2.35 m/s
was observed slug flow regime shown in Fig. 5. Slag regime characterized by
the fact that the observed long gas slugs, sephlatea short liquid bridge, whose
size is less than or equal gas bridges. In micraodlaslug flow is characterized by
frequency, and the lack of a significant numbesragll bubbles in a shell.
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Fig. 4. The optical signal from the photo-  Fig. 5. The optical signal from the photo-
diode to the slug-bubble regime indiode to the slug regime in microchannel
microchannel withd=0.17m/s, ¢hs0.16m/s  with Jiq=0.27m/s, ¢hs= 0.61m/s

4. STATICAL PARAMETERS OF THE FLOW
Fig. 6, 7 show the slug velocity,Wf the superficial velocity of the mixturg, J
for mini-and microchannel, respectively.
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Fig. 5. Slug velocity depends on theFig. 6 Slug velocity depends on the
superficial velocity of the mixture in a supericial velocity of the mixture in a
rectangular minichannel 1.¥8.8° mm rectangular micochannel 0.6¥2.0 mm
(H20/CCy)

Experimental data obtained using dual laser scgnstiream, shown by points.
The optical method allowed us to fix the speedchefgas slug and liquid plugs. Data
processing for surfacing velocity projectiles iretform WU=CyJ,+Upsee fOr slug
regime showed that the coefficieng=Q.67 for minichannel, higher than in the work
(Nicklin D.J., Davidson J.F., 1962). For the midrannel distribution parameteg €
1.2, which well agrees with data (Sowinski J., Dangki M., 2009).

Was carried out statistical processing of datap®ed ascent of slugs and their
length measurements were performed for the stalsparameters of slug-bubbly
and slug flow regimes. The statistical charactessbf motion of the liquid and gas



phases obtained in the microchannel at two dist&afroen the entrance to the mixing
chamberx% —199 and X%) _ »56. Figure 8, 9 shows histograms velocity distribatio

for a given flow regime in the mini- and microchahn
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Fig. 8. Histogram of the slug velocity inFig. 9. Histogram distribution of the slug
minichannel for slug flow regime at a flowvelocity in microchannel for slug flow regime
rate Jq = 0.091m/s andys=1.19 m/s at a flow rate i = 0.17 m/s andyd= 0.79 m/s

5. MAP OF FLOW REGIMES

Fig. 10, 11 shows maps of flow regimes for mini-angtrochannel obtained
using the method of laser scanning beam. Solid lsw@respond to calculations on
the model Mishima & Ishii (Mishima K., Ishii M., 84). We present the following
flow regimes: BS - slug-bubble, S - slug, C - chukr+ annular, AW - dispersion-
annular. The boundaries of regimes, in generalsistent with the calculation of the
model Mishima & Ishii.
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6. PRESSURE DROP

Fig. 12 shows the dependence of the pressure doop the Reynolds number
for single phase flow of liquid, gas and gas-ligti@v in a microchannel. It is seen
that the experimental data for single phase floeoissistent with the calculations for
the laminar (Shah R.K., London A.L., 1978) and uebt flow regimes.
Experimental data for gas-liquid flow are processedhe homogeneous model



(Ungar E.K. and Cornwell J. D. 2002; Triplett K.,&A&hiasian S. M., 1999). We find
that in the turbulent flow of the experimental ddia significantly above the
calculation of the homogeneous model, the expefiahelata exceed the calculations
up to 2 times. For turbulent flow model of Garciaake(Garcia F., Garcia R., Padrino
J.C, 2003) best matches the data.
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CONCLUSION

In this paper we study the structure of adiabapavard gas-liquid flow in
vertical mini- and microchannel. The use of duahelaser scanning has allowed
determining the main modes of gas-liquid flow, sltrgnsition, churn, annular flow
regimes, defined by their boundaries. Maps of floegimes for mini- and
microchannel, we find that the border regime, imagal, consistent with the
calculation of the model Mishima & Ishii. It was uiod that slug flow in a
microchannel is characterized by periodic, andl#o& of a significant number of
small bubbles in shell. Experimentally was explotteel dependence slug velocity on
superficial velocity of the mixture for mini-and enochannel. For the slug-bubbly
and slug flow regimes was obtained the statispegmeters of the flow, including
the distribution of velocity, length of liquid bges and gas shells. For the
microchannel measured pressure drop for singleephad two-phase flow, the data
for single phase flow in good agreement with cattahs based on known models.
For gas-liquid turbulent flow experimental data &bove the calculation for the
homogeneous model and the model of Garcia et a megches the data of
experiment.

This work was supported in part by: RFBR, grant hean08-08-00953a.

LIST OF SYMBOLS

Jiq — superficial velocity of liquid phase
Jyas— superficial velocity of gas phase
0 — surface tension

Co — distribution parameter

Jn — superficial velocity of mixture

X1, X — nates of the photodiodes



Uy — slug velocity
Dy, — hydraulic diamete
Upiree— ascent slug velocity in a stationary lig
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Summary

When electroplating large areas of non-conductimptqresists, e. g. for
manufacturing replication tools using the LIGA pees, problems can arise. In case
of a non-conducting resist surface, bumps may f@han growing fronts join. If the
resist surface is flushed with a conductive medgét, deep and narrow cavities can
be closed by overgrowing without being filled witlectroplated metal. Poor
adhesion of flushed metal films due to intrinsinsiens may also be a problem on
resist structures. Both the formation of bumps adl \as incomplete filling of
microstructures can be avoided by partly metalljzithe resist surfaces using
microstructured sputter masks [1]. A sputter mass wnanufactured for seeding
small sputtered gold dots all over the large pledist areas as supports for flat and
defect-free electroplating. The parameters of theradrilling process were
optimized and a total number of about 114.500 holee drilled. The sputter mask
was finished by electropolishing to remove burasrfrmicrodrilling.

1. INTRODUCTION

During electroplating of microstructured photoréesise. g. for manufacturing
metallic microparts or for the production of replion tools, problems may arise
from overgrowing of large areas. Without any addiéil metallization, the growth
fronts of the electroplated metal tend to form bamgs shown in Figl, since the
advancing angle increases significantly with insneg distance on a non-conductive
surface. Moreover, the speed and uniformity oftetgtating depend on the width of
the features, since the metallization rate is diin-controlled. Under extreme
conditions, narrow trenches may be encapsulateardodiie growth front inside the
structures reaches the surface of the resist [&.SBme happens, if the whole surface
of the resist is flushed with a metal film. In masises, the perpendicular side walls
of the microstructures are also coated, as a re$uwithich the whole resist surface
becomes conductive and voids are formed withinavatrenches. Additionally, the
adhesion of a large-area metal film to photoresssp®or due to intrinsic tensions.

Filling of narrow trenches with high aspect ratroay also cause problems due
to gas bubbles or overgrowing by a second growdhtfFig. 2 shows an UV-LIGA
mold insert with both effects due to an additiomedtallization of large areas of the
photoresist.
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Fig. 1 Overgrowing by electroplating large areas of atptesist by contacting the
conductive substrate

: e A ']i‘r ” ( i‘m ) vf lui%@g bmlm ‘
Fig. 2 Typical defects of electroplated microstructutest: UV-LIGA mold insert
with bump formation. Right: cross section of a migearwheel pin with void

Often, such faults are not visible, but become obsiwhen external forces or
elevated temperatures are applied as is the caseation molding (Fig. 3).

Hence, selective metallization of the resist sw@aféevel is much better. The
spotted metallization of large resist areas mayegre incorrect electroplating by
influencing the advancing angle of the electroglameetal. For this, an additional
mask is needed to deposit electrically conducteedspoints to be contacted by the
advancing electroplating front (Fig. 4). These sperthts, however, must be located
at a certain distance from the edge of the mianosires in order to prevent coating
of the side walls of the microstructures with metal

Generally, such sputter masks can be made by:

— Mechanical micromilling

— Lithographic processes or

— Etching



Fig. 3 Mcro gearwheel pin before (left) and damageam&fwith crack of hoIIow
micro gearwheel pin after injection molding (right)

Partial metalization
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Fig. 4 Partly metalized large photoresist areas to prewetusions during
electroplating

2. SPUTTER MASK FABRICATION BY MICRODRILLING

A sputter mask of 100 pum in thickness was made m#sd MS63 by
micromilling. A brass substrate was prepared bgipren milling using an ultramiller
SP2600 by Leica Microsystems GmbH. A 100 um thieées of brass, approximately
100 by 70 mm, was glued onto this surface usingeYdadunt 562 by Kager
Industrieprodukte GmbH. The glue forms a sheeppta@ximately 0.1 mm thickness
and can be cut to appropriate shapes. Substrag|ayler, workpiece and a weight of
about 2 kg on top of the workpiece were put inteaauum drying chamber. After
reaching 100 °C and waiting for one hour, vacuuns wpplied. After another two
hours, the drying chamber was cooled down and dewteen the temperature was
below 50 °C. When using a tailored glue of consthrakness, it is not necessary to
displace part of the glue to obtain a constanktiess of the glue layer and, hence, a
flat surface level. Measurements showed that thkasei level of the workpiece was
within 5 pm.



The sputter mask was of irregular design. In t@pproximately 114,500 holes
with a diameter of 50 um were drilled on an are&@®by 23 mm. The wall between
the holes was 50 pum in each direction. Fig. 5 shibeslesign of the sputter mask in

back light. In the dark areas, the photoresist rgasoved in the developing step. A
more detailed view is shown in Fig. 6.

Fig. 6 Detailed view of the sputter mask

Normally, MS58 would be the best choice, becauseetisy to machine due to
its lead content. The lead forms precipitationshat grain boundaries, which cause
short breaking chips. However, lead prevents gesdilts when electropolishing is
needed for burr removal. For this reason, MS68ad-free brass, was chosen. It can



be electropolished very well. On the other hand¢chimang is not as good as for
MS58.

The absolute depth of drilling was 200 um, startiogn a safety distance above
the workpiece surface of 50 um and taking into antdhe thermal drift of the
machine spindle and the conical tip of the micradri

Fig. 7 shows some pictures of a new uncoated 50dgiinbit made of hard
metal by HAM GmbH. The overall length is approxieigtl mm. From the detailed
view, it can be seen that the cutting edge is jdg&§nce hard metal is a composite
material consisting of hard tungsten carbide plagion a soft cobalt binder matrix,
the grinding process does not form an ideally sltaiting edge. As a consequence,
burr formation in ductile materials must be taketo iaccount.

A 1/8” chuck was used for clamping the tool. Theetrunning accuracy was
measured to be within 2 um.

Compared to milling, where torsion and deflectiamrcés occur, drilling is
associated with torsion only. Milling results inetlintermittent formation of chips
causing vibrations and chatter marks on the wodiéience, fatigue of the tool
material, crack propagation, and breaking of theroiend mills is a much more
serious problem than for micro drill bits. Depergdon the tool length and feed rate,
however, bending may also be a problem.

00023743

= IMVT = IMVT
Fig. 7. New 50 um drill bit by HAM GmbH

00023734



Several speeds and feeds and drilling of a hotaree steps were investigated.
Finally, a speed of 15,000 rpm and a feed of 90mim{(3 pm per tooth) were used.
The holes were drilled in one pass. One thousanéshwere drilled within
approximately 15 min. In total, the machining timas a little longer than three days
of eight hours each. The parameter test showedittmas not possible to increase
speed and feed at a fixed ratio, e. g. to 40,060wgh a corresponding feed.

For lubrication, the tool was flushed with Wicos \A&T80.6 by WILKE
Kihlschmiertechnik GmbH.

After drilling approximately one third of the sperttmask, corresponding to
30,000 - 40,000 holes, the drill bit was exchanigg@& new one. A worn 50 um drill
bit can be seen in Fig. 8.

| ooo2s188 | ——— f0um IMVT —— aum IMVT
Fig. 8 Used 50 pum micro drill bit with wear marks

3. MACHINING RESULTS AND FINISHING BY
ELECTROPOLISHING

After removing the sputter mask from the glue, duges of the holes were
found to be burred (Fig. 9 and Fig. 10). Due to pHesticity of the material and
reduced chip breaking compared to MS58, burr faonatvas very pronounced,
especially at the bottom of the brass sheet (Fly.I1Lis not possible to use a mask of
such a poor quality for sputtering, since the bwasild prevent tight fitting to the
photoresist or could damage it when adjusting thstion.

00025230 30 um IMVT | 00025231 10 um IMVT

Fig. 9. Upper surface of the sputter mask after drilling




IMVT | 00025236 | —— dopm IMVT
Fig. 1Q Bottom of the sputter mask after drilling

00025234

Contrary to the lead-containing brass MS58, howeveris possible to
electropolish MS63 very well. Due to the inert exidyer on lead, alloys containing
this metal behave like a two-phase material duefectrochemical local element
formation. Lead could not be removed electrocheltyic&ince ignoble material is
removed, lead particles are exposed and subsegpeatiude from the surface.

The sputter mask was electropolished using PoRfarby Enthone GmbH.
Polstar B1 contains phosphoric acid and is apieal temperature between 20-23°C
[3]. The voltage is in the range between 6-10 V amdent density should not exceed
5-6 A/dm2. The material removal rate is between ifi/min. The process was
interrupted every 2 min and the result observedigusi stereo microscope. After
finishing, SEMs were made to monitor the result.Rity and Fig. 12 show that all
burrs could be removed and a smooth surface waesrgtex even at the bottom that
had been subject to heavy burr formation.

00025311 —— 100pm IMVT | 00025315 10 um

Fig. 11 Surface of the sputter mask after electropolishing

IMVT



| 00025318 | —— 100um IMVT = ooo2s319 | —— 1opm IMVT
Fig. 12 Bottom of the sputter mask after electropolishing

4. CONCLUSIONS

Manufacturing of a sputter mask with more than @00, holes showed that
microdrilling is a stable process over a long perib the machining parameters are
optimized. Tool failure was not observed despiteesd hours of machining time per
tool and considerable wear marks on the microdsgisd.

In addition, microdrilling is a very flexible prose compared to etching or
lithographic processes, where a new photo masqusired for each design variation.

However, the formation of burrs must be taken iatcount. For this reason,
appropriate workpiece materials have to be seledted successful finishing
operations like electropolishing.

It was demonstrated that even heavy burrs could removed by
electropolishing, thus generating a very smootlfiaser It has to be mentioned that
electroplating removes material according to tlke&fiine density. For this reason, it
IS important to have a uniform burr formation alteo the microstructure. It is
essential to stop the process at the right timenvithe burrs have gone, but the edges
are still sharp. Irregular burr formation will letalpartly rounded edges.
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Summary

Automated differential lidar set for measurementatrhospheric gases small
concentration is developed, created and testecherbases of Optical Parametric
Oscillator (OPO), tunable in middle infrared (IRnge.

Measurable sensitivity accuracy obtained for atrhesp methane is not less
than 1 ppm. Being smoothly tunable in the wavelemghge of 1.4 4.2um with the
spectral bandwidth ofc3™* (for 1.4+1.8um and 2.84.2um) and pulse energy up to
40mJ, the OPO irradiation allows measurement of gaeentrations in an open
atmosphere up to 5km. If required computer corgcblFabry-Perot etalon (FPE)
insertion into the resonator is provided to narrthe bandwidth up to Océr™.
Construction of the OPO allows also radiation wamgth stepwise change (pulse to
pulse) with a smooth regulation from 0 toc#Z that is necessary to carry out gas
concentration measurement by the method of differleabsorption with one laser.
Lidar set is equipped with a self-regulated systemed at the absorption line of the
gas under investigation that is initially instalietb the system.

Introduction

Activity expansion of the industrial companies tce@mpanied with the increase
of hazardous industrial and anthropogenic emissi@emote laser systems, Lidar set
in particular allows highly accurate identificatiohthe molecular constituents of the
atmospheric gases. These type of sets can opesHtieob stationary platforms, as
well as on vehicles and aircrafts. Among all typédidars those operating by the
principle of differential absorption and scatterifPAS) and combining high
sensitivity and spatial resolution, prove to be iiest universal ones. This method is
based on the comparison of two back scattered [agses, one from the maximum
of absorption line and the other from the winghadf tine [1].

It is also known [2, 3], that the fundamental ritaally-oscillatory absorption
bands, combined frequencies and intensive isolated of practically all molecules
of atmospheric gases are at the near and middtarge. In this connection the IR
Lidar investigations of spectroscopic parametershef atmospheric gases by DAS
method is of certain interest.

In the recent years there is an information onitteeeased sensitivity of IR
Lidar sets operating by DAS method [4, 5, etc.whweer these sets are used either
two OPO sources, or one OPO with wide irradiatipactral line and with modest
output energy. For the last decades SSGA NovokjbRsissia has concentrated its
efforts on the investigation of solid-state laseurses of IR radiation, that are
capable of smooth and/or discrete tuning of the elngth, simultaneously



maintaining high monochromaticity and energy pigkfd]. Such laser sources are a
basis for IR Lidar sets that are capable of ingasing spectral parameters of the
atmospheric gases.

Operation principle of IR Lidar

Requirement compliance to international health ddeasis on use of eye-safe
laser radiation, remote and local monitoring andticd of the environment [8,9], on
one hand, and high-energy, monochromaticity antl bansitivity of the sensors, on
the other hand, determine the main requirementsdars operating in the range of
optical transparency of the atmosphere.
Fig. 1 shows the Lidar set, and Fig. 2 gives itscapscheme.

e
() 1 (é)_

= 7 | 8.0
------------- Pl A
I/—.-—
1 2 | 4
3 T
- i
2]
Fig. 1. IR Lidar in action Fig. 2. Optical schenfdR® Lidar

The OPO (2) based on the ring-type resonator witliNdO; crystal provides
effective conversion of the pulsed Nd:YAG lasgr (1.06um) (1) radiation into a
spectral range of= 1.41+ 4.2um wavelength. Computer controlled highly aatar
rotating table, in horizontal plane, carries oubsth tuning of the wavelength by a
LINbO; crystal. It is also possible to change the OPQatmxh discretely, applying
DC voltage of 0 to 5kV to the side surfaces of lti¢bO; crystal, with the regulated
width of the step varied from 0 to 12€nDiscrete pulse-to-pulse shifting of the OPO
radiation wavelength is realized using one lasenéasure gas absorption intensity at
the line maximum and its wing. OPO radiation wamgth change due to heating of
the LiNbO;crystal is PC controlled and compensated with up,1C accuracy. For
radiation bandwidth narrowing, by necessity, theEFRsertion into the OPO
resonator is also provided. Total output OPO enatgpulse duration 10ns varies
within 1+40mJ range, depending on the wavelength. Defintifoine absolute value
of the OPO wavelength\.{ed is carried out by the method bfescorrection with the
known gas absorption line. For this purpose thé¢ pathe OPO radiation (~3 %),
enters to the diffusion-scattered sphere (5), aé#ection from the flat paralleTaF,
plate (3). The scattered radiation of the firstroled enters to the receiver (7), by



passing through the cell (8) with known gas (irs tbase with 90% pure methane at
latm pressure). Simultaneously, the scatteredtradiaf the second channel enters
directly to the next identical photo-receiver (¥ie electrical signals from the photo-
receivers arrive to the two inputs of the analagjtdl converter (ADC) (9), which is
connected to the PC (10). The rotationally-os@ahatabsorption spectrum o band

of methane, the central Q- branch of which is a#®d to be the initial point, is
displayed on the PC monitor. Special software @mses the received data, corrects it
with the Q-branch and displays the real values BOO\,.) wavelengths on the
monitor. For OPO wavelength calibration on the tecatg sphere, the possibility of
IR light guide (6) installment is also foreseenrotigh which the laser radiation
enters to the monochromator’s slot.

After expanding and collimation (4) the main pafttbe OPO radiation is
directed to the topographic target along the atimesp trace, the gas constituents of
which is being investigated. Constructively lasemiteer with the receiving telescope
(11) is installed on the computer controlled twesplatform. A micrometric screw
carries out highly accurate coincidence of lasdrateon with the field of vision of
the receiving telescope controlled by the CCD caménage of the topographic
target is also displayed on the monitor. The baektered radiation from the
topographic target is receiving by the 30cm Newtelescope (11), in the focal
surface of which the cryogen InSb photo-receive?) (s located. The signals
received on the photo-receiver are processed ane#h spectrum of the atmospheric
gas absorption is displayed on the PC monitor.

The present Lidar set allows scanning of atmosptraresparency in the range
of 1.41+ 4.2um and simultaneously measures gas concemtiattbe atmosphere.

Table 1 presents the main technical parametersdaf Iset.

Table 1. Main technical parameters of Lidar set

Laser type YAG:N& with OPO

Tuning wavelength 1.41+1.85; 2.94.1um

Pulse energy 1+40mJ depending on wavelength
Radiation spectral width 3+3.5m*

Repetition rate 20Hz

Wavelengths shifting 0+12cm™

Pulse duration 10ns

Distance to the object 2+-5km (methane)

Registration sensitivity 1ppm along the integrat& (methane)
Platform rotation angle across +3(0°

Platform rotation angle in vertical 16 +25°

Platform setting accuracy towards the object 0.8mra

Results of the experimental measurements and compgaon with the
calculations

From the basic Lidar equation for laser pulse lsgtering [1, 10] applied to
the boundary conditions of our Lidar system is:



P 0w, R) = RE (W)(PTa /1L ) AcRZ E(R) exp [-2] a(r)dr] (1)
From the above equation we can obtain the minias@r energy equation:
Pomin™ 2 R (SIN)m/ {&(R) PTTTU (o) exp [-2fa()dr]}  (2)

Where: U L) is the modified parameter of the receiving system

In (1) P @0, R) is the instant value of the applied laser @ylewer, B - is the
sent laser radiation powef(lg) — is the spectral transmission coefficient of the
receiving optical; systenp® - coefficient of the back scattering for the topahic
target, 14 — is integration period of detectar,- is the pulse duration, Ais the
receivers effective area, R- is the distance tottdpegraphic target;(R) — is the
geometric factor of the lidar systea(r)-is the relaxation volume coefficient.

It is possible to obtain minimal output energy, essary to register the gas
concentration at the ppm unit level in reality.

The corresponding calculations according to (1) @)dshow that the minimum
output energy of laser for atmosphere soundingpofouSkm should be more than
10mJ, which is obtained in the given work.

As an experimental sample and available pollutaatrhethane molecule was
chosen CH,) the background existence of which in the atmosploé Yerevan city
corresponds to 1.7ppm. It is well known [11], tlehong the four fundamental
rotationally-oscillatory absorption bands of thetinagme molecule, the; band with
the central Q-branch (302@") is considered to be the most intensive one, wisich
located within the tunable range of the paramédser (1.4-4.2um).

In order to measure methane concentration withlgh accuracy and sensitivity,
it was necessary to carry out preliminary calcalatand experimental works on
measurement of atmospheric transmission spectrurthenwavelength range of
3.25-3.45um with a better resolution than the widthegarate lines of P, Q and R of
U3 branch band of the methane absorption. Fig 3 gikescalculated absorption
spectrum ofu; methane band at 1.7ppm concentration at a dis@in2km and sum
absorption spectrum @H, andH,O correspondingly, at probing laser radiation line
width of 3.@&m™, with scan step of Ocls™. Fig 4 gives the experimentally measured
spectrum ofuz; methane band and experimentally obtained atmospdieserption
spectrum in the range of 3:2545um (scanning accuracy is 0.1 9mwhere main
radiation absorbers are considered t&€Hg andH,O.

While comparing the calculated (Fig)3and experimental (Figadl spectra it is
possible to note good frequency coincidence ofagetines of P, Q and R branches
of vz methane band, with experimental error accura®y%).Relative intensities of
certain lines of P and R branches also do corrglateenough. From the spectrum it
is seen that the R branch (< 3.30 um) is compleatielged, Q branch (3.312um) and
part of P branch (3.35+3.45 um) appear weakly. £iR&€ and P9 are more or less
observed and the atmosphere is transparent otitiregion of line P10. That is why
for the methane concentration measurement theti@uaavelength of the first OPO
pulse is set at maximum absorption of the PdQ, line, whereas the following



shifted pulse is discretely tuned at the null lesfehat line 0.,i,). The back-scattered
signals of these frequencies are directed to tlwdopbceiver, in the ADC transform
into numerical form and the relative signals arepldiyed on the PC monitor.
According to [12], with the help of these signdeinsities it is possible to calculate
the atmospheric methane concentration.

1t
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Fig. 3. Calculated transmission spectr&ig. 4. Measured spectra ¢kh) and
CH4 (a) and CEiH,O (b)for OPO  atmosphere transmission spectrum at

radiation line width of 3cih the distance of 2200m (b)

Fig. 5 gives relative back-scattered signals ofnle¢hane flow that are registered
close to Lidar set (a) and scattered from the togauyc target (b) at the distance of
2.2 km at an average height of 50m from the ground

The moment, when the methane is extracted fronb#tieon, Lidar set sensor
registers drastic signal increase, the level ofclwhs maintained at some value,
different than that of the background, while thesr@ leakage of methane. After the
gas leakage stops the signal starts relaxatiorn soime fluctuations, back to the
background level. The fluctuation character is ph due to non-homogenous gas
flow and the weather conditions (wind, humidityc.gt Measurements were carried
out by averaging of 10 pulses at each point, &t leepetition rate of 20 Hz.
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The results of data processing of the calculatedl eperimental spectra are
given in Table 2.

Table 2. Calculated and experimental spectra obspimere absorption in a range of
lengths of waves 3.25 - 3.4m at the distance of up to 2@

Branch Av_li AV3_K1°- AVC_I\f Vo(paiq') Vo(BIfC.) Ipacq., OTH. ke,
CM CM CM CM CM e OTH. €]I.

Q 5.2 7.79 2.59 3015.9 3014.6 0.91 0.68
P1 3.2 - - 2999.76 3008.14 0.13 -

P2 4.46 - - 2987.62 2995.3 0.24 0.075
P3 3.79 5.08 1.29 2976.19 2981.25 0.2[7 0.094
P4 3.78 3.785 0.05 2969.86 2970.49 0.27 0.074
P5 4.37 5.01 0.64 2957.35 29598 0.34 0.188
P6 3.11 6.21 3.10 2947.37 2948.61 0.34 0.014
P7 3.085 4.93 1.85 2937.47 2936.24 0.34 0.28
P8 3.67 - - 2926.16 2931.31 0.34 0.19
P9 3.64 4.85 1.21 2914.82 2910.61 0.36 0.14
P10 3.62 4.83 1.21 2906.94 2905.77 0.19 0.19

Let's note high compliance of corresponding cenfralquencies of the
calculated (p(calculated)) and experimental ([@x.)) spectra, separate lines of the P,
Q and R branches of thvg fringe (band) of methane. The accuracy of compkais
not worse than + 0,13 %.

There is no spectral displacement of theringe of methane that is basically
due to the average speed of relative movement dqules of gas in the atmosphere,
as during the measurements there was a windlegbaveAt the same time, from the
experimental spectrum (Fig.2) it is seen that tHer&hch and separate lines of the P-
branch are widened. It could be explained both bg Doppler broadening
(temperature influence), and by the influence ofewaapour and aerosol particles



(collisional broadening). The latter factors have impact on the spread of the
corresponding values of the relative intensitieemwbomparing calculateth/| o)pacs.
and experimental spec(la/l o).

Minimal allowable concentration of methane in thEewn atmosphere has been
calculated on the basis of these signals’ inteassiaccording to [13]:

[N(R),p = = L

——In[l+——]
200 (V)AR crur),,,

Where:C\lII (R) — the ratio a “signal/noise” at the distancdr&n the lidar,
Ao(v) =6(Vmay) — o(vmin) — differential section on a maximum and on a munin of
absorption of the given moleculelR — extent of area of sounding.

Thus, the calculated value of the minimal conceioinaof methane in the open
atmosphere does not exceed 1ppm that is confirmgdthe experimental
measurements.

Conclusion

The analysis results of obtained data showed tlenimng:

1. For the remote trace measurements of gas condentrahe high-energy
(>10mJ) lasers with smooth and/or discrete wavéteage most suitable tuning.

2. To provide sensitivity and accuracy for gas con@giain measurement with
DAS method it is expedient to use an OPO, tunalolegathe wavelengths, with the
laser spectral widthe to the width of lines of the gas absorption bandtiax
investigation.

3. Spectral area®7, P9 andP10 of vs absorption band the methane are the
most optimal ones for methane concentration measntin the atmosphere at the
level of background values.

4. The present Lidar set on the basis of DAS methdthwa remote
registration of gas absorption spectra, rotatigradicillatory bands of which are
within the range of tunable laser radiation £442um). The concentration and line
width of the investigated gas should be no less #pm and 8™, correspondingly.
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TERMOMECHANICAL PROCESS IN MULTI-LAYER NANOSTRUCTURES
INITIATED BY LASER IRRADIATION

Vladimir V. CHESNOKOV, Dmitry V. CHESNOKOYV, Valery A. RAYHERT
SSGA, Novosibirsk, Russian Federation, e-mail: pBgg€ongs.ru

Abstract

Theoretical models and methods to calculate thermthle fields and
thermomechanical process in the multilayer str@éstuon substrates exposed to laser
step shaped pulse are present. The spatial-temghistebution of temperatures in a
four layer thin-film nanostructure is studied, amues for displacements of outer
boundary of the structure which are induced byrlasadiation are obtained.

The purpose of this work was to investigate theadyics of changes in the
thermal field induced in the layered nanostructwesthe substrate surface by the
laser pulse with sharp wavefront edge i.e. withghése rise time less than time of
thermal wave passage through the structure lay@rnraduced by irradiation of the
physical processes in the structure layers. Vatlidse medium physical parameters
in the laser irradiation region was estimated al agethe intensity of the processes
occurred in the structure both as thermoelasticggees and with phase transition of
the film material. The thermal expansion of layleieds to the outer edge movement.
As an example the processes in the structure ajtér Ithickness of 10-100 nm was
analyzed.

The number of studies of the non-steady thermdtdien the monolayer
coverage on substrates is known. So, the analygisegpropagation of the thermal
wave induced by the continuous laser irradiatimough a thin plate with multiple
reflections from the plate surfaces taken into ants analyzed in the work [1]. The
thermal wave propagation though metal film on thetahsubstrate considered as
well. The thermal energy distribution between titr@ fand the substrate under pulse
laser irradiation is considered in the paper [2]e Tormulas for the calculations of
the thermal field in the structure of "film on teabstrate"-type are presented in the
paper [3] for different laser pulse shapes. In Wk [4], the expression for
maximum temperature of the surface of film on su#tstduring the pulse duration is
obtained, and the intensity of the mechanical putseised by the thermal expansion
of the surface layers on the substrate which sgraathe substrate. In the work [5],
the pulse theory of thermal conductivity of solioieluding solids with layered
structure is presented. The references of studredight-induced thermoelastic
stresses in the semi-infinite target are preseantéte paper [1].

In this work, in order to determine changes of riar field and spatial
distribution taking place when the thin-layer sture is exposed to the laser
irradiation, the Fourier expansion of thermal pyBlis used as well as the method
of electric analogies. Mechanical stresses and rahafitons concomitant to the
heating are also determined.
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At the beginning let us consider thermokinetic gsses in the multilayer
structure (Fig.1) occurring during the laser puabsorption in the outer surface of the

structure.
a) b)
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Fig. 1. Multilayer structure (a) and correspondamglog electric scheme (b) for
steady-state irradiation rate

Assume that time dependance of exposure is stq:pedhla(u) =0 whenu<0;

P(u) = B whenu >0; whereu is a exposure timeR, — power density of irradiation

incident on the surface on the first layer.
Surface density of the energy absorbed by thel&ysr is:

Q.= Ru(1-Ry)= Ru (1)
Where:R - reflection indexp; = B (1- R,,).

At further consideration the thermal changes of emakt thermophysical
characteristics is neglected. Output surface teatper of the last layer is assumed to
be time-independent and to be equal to the valuerdeirradiation started.
Volumetric heat capacity, thermometric conductivity, thermal conductivitjk and
thicknesdl of the layers has indexes corresponded to the faymber.

In the case of infinite continuation of the irratha, the process of thermal
transmission through the multilayer structure w#él steady, and the heat flow in the
all layers is equal to the flow of absorbed parthaf incident radiation. Calculations
can be done taking recourse to the electric analegyere heat flowP, is

corresponded to the electric currantEquivalent electric scheme of the current
generator, simulating the heat flow in the struetofrlayers is shown in the Fig.1b.



In the scheme (Fig.1blR, R, R, R are electric resistances equivalent to the
thermal resistances of the layefs; AT, AT, AT, - temperature differences of the

layers surface equivalent to electric differencelettric potentials.
As the heat flow has the same value in the allriagé structure, the following
expression is correct:

Tws=AT1+AT2+AT3+A1;=E[LL%&). @

k Kk Kk K

Where fractions within brackets are the resistanoésthe layers,T _ -

temperature increment of outer surface of the sirador the steady regime.

Physical pattern of the thermal phenomena in tiveftlm structure during the
transient process of the establishing of steadynthk field is characterized as
described further:

Temperature at the any point of the structure eodardy a wave is increasing
with time. Heat flow, appeared in the first layggvels deep through the layered
structure in the form of thermal wave. Differeneceghe thermal conductivity and
thermal capacitance of the layers material leatieachanges of the heat propagation
velocity in the layers and to the dependance of td@mperature spatial-time
distribution in the layer on the thermal procesedbe next layers. Appearance of the
heat absorbing phase transition when the heat p@tiimor continues can be
represented as appearance of the negative theutsd m this layer. The thermal
pattern of the influence of such a pulse on theosunding layers overlaps with the
thermal pattern due to the heating of the structoyeexternal radiation. The
possibility of existence of a layer with phase sitian leads to the possibility of
negative pulse to appear not only during transpggntess but also at the stage of
reaching the steady thermal state.

It is quite complicated to obtain an analytic exgsien for the thermal field in
the multilayer structure and for the temporal etiolu of this field, in the transient
state. Therefore the number of approximationskeridor the further analysis. Let us
assume the film structure as the system of elemwiits lumped parameters for
simplicity. Then, on the analogy with the electeiccuits let us use the concept of
time constant
d2

e (3)

Where: 1 — layer heating time constarth, — thermometric conductivityr
approximately characterizes the time of the thenvale wavefront passage through
a layer.

Fourier's low of heat transfer is presented inwloek [5] in the form of one-

dimensional heat transfer equation:
oT _, 0°T
—=h—. (4
ot  ox )

T=RC=%|3/d=



In this work it was obtained that at the heat r&de@onditions mentioned above,
the temperature distribution in the uniform layérneedium has a form of spatial
pulse which can be represented with a series #nger method:

IZ 2m+1)T[x Co£2m+ Irul

= d 2 d
(5)

(2m+1) Iy

xexp| ————=——h(t-u) |du

p[ b oY )]
Where:u — duration of time when the heat releases indlgerlwith coordinate

| of uniform side;u, — moment when the heat release starts; time of the

observation of the temperature changes (indeperadeéhé heat release duratiomy;
— number of series term. When= 0, heat release occurs on the input surfackeof t

side ( =0), reference time of observation is equal to that helease start time € u
), and one can obtain:

(1= 223 o : i

After mtegratlon (6) we have:
T(t,x)=

0

(2m+1)T[x-[ ex{_wh(t—u)}du. (6)

- (2m+ 1) x .
_8Rds 2 _df], | (eme'r ")
yh 2 (2m+1)°re P 4d?

Exponential term decreases rapidly when increasmglf ?20,005 than
within curly brackets one can neglect almost alinte with the exception of terms
with ¢ m=0, m=1, m=2 u m=3 (within the error of temperature calculations of
about 5%), which allows us to represent the susedets as:

CO{(2m+1)n(ﬂ CO%(2m+ ])n(ﬂ ( o
© © 2 3 2 2m+1
2 =g6 (2m+1)°re _gé (2m+2° exp[— 4d* ht} ®

m=0

Taking into account thaﬂsgs 2, the first sum at the right side of Eq. (8) is

equal to [5]:
S{(2m+1)1‘[ X
co§ +———

2 dL@—X)/& 9)

d

;) (2m+1)2T[2



Finally, taking into consideration EQq.(3), the gsmaime distribution of
temperature increment in the layer, when the teatpes of layer output surface kept
constant:

Pt

T’ =— X
(1=
(2m+1)n1
x(l-x)—si“’{ 2 _a],,f eyl
d) iz (2m+1) P 41,

Providing thatt/ t,>0,00%, only four first term in series (10) are takenoint
account, and providing that 1,>0,2 it is sufficient to consider only two terms.
Equatet =, x=0, we obtain:

P

Te=—= (1)

yd

It follows from the last expression that the fackmfore curled brackets (10)
means the increment of temperatilife of the input layer surface for infinite time of

heating. Considering (2), one can obtain:
N
T.s = 2 AT, (12)
1

Where N is a number of the layer in the multilayer struetunext to the
substrate.

Let us replace real multilayer structure with maiter side with coordinate axis
y, which has the same temperature of input surfamk same constant thermal

current through input surface as multilayer streetubut unlike the multilayer
structure determine the value of thermometric cetidity h of the first structure

layer for all layers. In this case sections thidsesD, have to be such as the time
constants of sections remains as for corresponslingture layers, i.e. in order to
fulfill the condition: D, =d./h / h. Thermal conductivity indexeK, should be such
that their thermal resistance also remains equalth® thermal resistance of
corresponding layersd / k =D/ K, whereK, =k /h/h . In a steady regime,
temperatures both of layers and sections is detedmiby Eq. (2). Sections
coordinatesy, of an analog side is measured from input surfa@malog side, which
coincides with input surface of the first structlager. For this surface, =0.

In order to obtain equation for spatial-time distiion of temperature in the
analog side, let us do the following replacememtsq. (10):
2

2 N
x/d - y/D TOZ%—VIDZ(Z\/EJ (13)
i=1



N
Where: D=ZDi — analog side thickness,, — it's time constant. After
i=1
replacements we have:

{(2m+1)nyi}
2 D exp (2m+1)'m ¢ (1)
(2m+12)° 4 1

. co
_ Y 3
T(t%) =T (1_Bj_¥m§

Where:T, . — temperature increment of the input surface @lamnside for the

steady heating regime, equal to the temperaturenment of the input surface of the
multilayer structure for the same regime

N
T.s =D _AT,.(15)
i=1
For the steady regin(d = oo), the equation (14) comes to the following:
T (o0, :
T y) =1-2L. (16)
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Fig. 2. Chronological heat pattern of the surface ianer layers of the multilayer
structure

Based on Eg. (2) the temperature increments olatyess for the steady regime
can be represented as:

N
AT
(o) % - @7)
To | T




It can be obtained from Egs. (2), (16) and (17):tha

N N d.

AT >t
ﬁzl_iﬂ_:l—‘;l—K. (18)
D AT ¢ Zdi

i=1 kl

Results obtained above may be represented in tha @ topological an
chronological heat patterns. The heat patternstawe/n in Fig.2 and 3 in the form of

dependencie%(t) and%(x), wherex — is a coordinate measured from the surface

depthward the structure. Calculations are carrigdar the case of constant physical
characteristics of used materials in the whole eangf temperatures in
correspondence with the Eqgs. (14), (17), (18).
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Fig. 3. The schemes of topological physical pat@imultilayer structure at the

moments of timé = 0,103 nst = 1,447 nst = 4,137 nst = 20,66 nst = 41,32 ns

(structure parameters are the same as in the Eng2dges of structure layers are
marked with dashes)

The calculations are presented for the (molybderuwater — silicon oxide —
copper) structure. The layers thicknesses and thaaterials thermophysical
characteristics used in calculations are presemtethble 1. The absorbed power

density P, = 0,616 Wi/nr.



Table 1. The multilayer structure parameters

y d h pl o, k c ro| d/k
Layer - " W ] T
nm nm 10— 10329 | 211002 | s 1@ 2‘<—
s m® m K kgK W
Mo 50 50 45,6 10,65 158 0,264 0,055 0,316
H,O at L
250 C 171,2 10 0,16 0,78/0,2 0,5 4 87 0,62520,000
SiO, 187.,5 10 0,78 2,2 1,84 1,07 0,128 5,435
Cu 700 1000 100 8,8 365 0,4 10 2,741
analog o~ D =2849
side 20,66

In conclusion it may be said that obtained analgipressions allow us to study
physical processes in the multilayer structure tw gubstrate exposed by the flow
modulated with the step shaped form of time depecelethough this expressions are
approximate due to accepted simplications.

Results obtained in this work may be in-demandHernondestructive analysis

of the multilayer structures and for developmenthaf optical mechanical converters
of information.

© V.V. Chesnokov, D.V. Chesnokov, V.A. Rayher) 201



INVESTIGATION OF PHOTOELECTRIC PROPERTIES OF ANOMALQUS
PHOTOVOLTAIC CDTE FILMS AND DEVELOPMENT OF
OPTOELECTRONIC DEVICES ON THEIR BASIS

Bakhtiyor N. RAKHIMOV, Oleg K. USHAKOQOV, Nematzhon R. RAKHIMOV,
Russian Federation

Keywords: anomalous photovoltaic films, self-contained aogticadiation
receivers, photoelectrical properties.

Abstract

The photoelectrical properties of anomalous phdteio (APV) CdTe, CdTe:
Ag films have been investigated. It was for thetftime to establishe that if the back
side of the film is put on a silver-plated subsrathe APV effect in such film
increases to 30%. On the basis of these films #ilecentained optical radiation
receivers and photoelectronic transformers for iseascontrol of coordinates of
moving objects have been developed.

1. Introduction

Optical detectors based on anomalous photo vol{adrV) films [1,2] are
functional generators that transform a luminoux faf intensity @, into photo
voltage Vip. According to the accepted model [3], this transftion consists of
three phases: (1) inducing photoelectric curtgptoy photogeneration and spatial
separation of nonequilibrium carriers at each mipra junction; (2) generating
elementary voltages across micro p-n junctionsutjinothe accumulation of bulk
charges produced by the photocurrent; and (3) fogman anomalously high
photovoltage by summing elementary photovoltagessadhe p-n junctions.

The technology of APV film deposition is based be thermal evaporation of
semiconductor materials in vacuum of*:Q0° Torr. Using the vacuum evaporation
method, it is possible to obtain AVP films of diéat semiconductor materials with
broad and narrow forbidden bands (CdTe, Si, Ge, $:aBaP, Se, PbS, and
chalcogenide alloys) [1, 3]. However, the voltagaeyated by these films is low.

The technological conditions for obtaining APV fdrdepend on a great number
of parameters: the substrate and evaporation tetyses, the sputtering angle, the
wall’'s thickness, the composition and pressurehef residual gases in the vacuum
chamber, the conditions of heat treatment of filfter their deposition, etc.

The investigation of photoelectrical propertiesseimiconductor films attracts
more attention of specialists [1-7]. The films whitave an anomalous photovoltaic
(APV) effects are of great theoretical and appliegbortance for the designing of
primary converters — receivers of optical radiaifiBOR).

Existing ROR and the devices on their basis reqolegatory application of
power supplies, which results in distortion of afahelectric signal (handicap). In
them the outgoing voltage created by p-n-transitsoobviously limited to the width
of the band gap of the semiconductor. One of petsf@e optical methods is an



optoelectron control, on a basis light source andVAeceiver, which allows
excluding the external power supply for ROR, to éowof weight and dimensions,
provides a complete electrical outcome betweenuitgcthe ROR light-emitting
diode.

The applied importance of this investigation istttite developed methods of
manufacturing APV receivers make it possible to enak new step in the
development of optical electronic instrument-makiBlg

The aim of the present work is to investigate thetpelectrical properties of
APV films on the basis of CdTe, CdTe: Ag, to deyelbe self-contained optical
radiation receivers and photoelectronic transfosnfier control of quality parameters
of fluids.

2. Experimental technique

Most efficient is the manufacture of APV films bdsen cadmium telluride
compound. The source material (cadmium telluride) deposited by thermal
evaporation in vacuum on one side of the substfatglver layer is applied to the
other side of the substrate (substrate tempera266:300C; pressure, -30*-510°
Torr) to impart reflecting properties to it. Thebstrate is located at an angle of 45
the molecular beam to create an angular surfacgot@opy thet gives rise to an
anomalous photovoltage. A portion of the light bethiet passes through the source
materials and the glass substrate is incident ersilver layer, is reflected from it,
and returns to the other side of the substrate {@¢he cadmium telluride layer). As
a result, this layer absorbs more light, and, heisgehotovoltage generated in grows
in value [2].

The CdSe, CdTe and CdTe: Ag APV-films have beemiobtl in vacuum by
thermal evaporation method. The vacuum installgbi@mvided the pressure abouft 10
* Pa. As evaporator the aluminium or beryllium oxideere used.

Three ways of activization of APV-films have bee®d:

1. At first a thin layer of silver with thickness 1-A2onolayers is deposited on a
substrate, and then a CdTe film is evaporated mnsilrface. After evaporation of
CdTe the thermal processing in vacuum will be edrout.

2. During condensation of a CdTe layer the simultasemtaporation of silver
on a substrate was made by separate evaporator.

3. The manufacturing of a mechanical mix of cadmiuhluiele and silver by a
way hashing of their powders with subsequent esmor during one hour in
vacuum of 10 Pa has been made. In this case the temperattie ef/aporator and
substrate were supported at 2Q0on the heated up substrate.

Carried out on the large number of samples of rebelaave shown, that most
effective ways are the first and second methodshat the films have most stable
photovoltaic properties. At their illumination biglt source with intensity of ~ 8x10
2 Wt/cnt the APV was generated up to 800 V on ¥ sample at room temperature.

The voltampere characteristics of all investigatédPV-films at room
temperature, at lightness | = 3.5%10ucks and at electrical field E = Mcm?
submit to Ohm law.



Lucks-volt characteristics are essential non-lineard the photovoltage
practically achieves saturation at lightness aldutLucks. The fast reaching the
lucks-volt dependencies on saturation provides stedility of optoelectron of
systems to changes of light exposure.

3. Results and discussion

At illumination of the backside of APV-films by &ht source with intensity ~
8x10% Wt/cnt the APV were generated up to 300 V orfchntestifies that the APV
is generated at reflection of light too. If the kside of a glass or quartz substrate is
covered by a reflecting Ag coverage the APV shauttdease.

In Fig. 1 the APV-films with the reflecting silvéayers are presented where 1 —
the photosensitive layer of cadmium telluride ayjs — a glass substrate; 3 -
reflecting silver layer; 4 - metal contacts.

The incident flow of lightd, the APV, the part of a flow of light,; passing
through a substrate, gets on a layer of silverladg reflected gets on the backside
of cadmium telluride film, as a result of that tadditional absorption of light is
observed and in this connection the generated dnom@hotovoltage is increased.
The results showed the APV effect in such film @ages to 30 %.

On the basis of GaP, GaAs, CdSe, CdTe, CdTe: AgAP&-receivers were
made. As a photosensitive element of the indepdnéeriver of an optical element
the film with size of 4x2 mm has been used. Thev&sirVypy(A) show the good
spectral coordination of optoelectron pairs of CAgeand A1-108A (Fig. 2).

Fig. 1. The APV-film with the reflecting silver lays: 1 — the photosensitive layer of
cadmium telluride crystal; 2 — a glass substrateyré&flecting silver layer; 4 — metal
contacts.
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Fig. 2. Spectrd spv(A) of some APV-films and light radiation diodes AL8® (1),
AL 307M (2)

In [7], we proposed a design for a position-sewsitoptical detector and a
technique for its manufacture. In this paper, wecdbe an experimental technique
and present the results from investigating an aptietector composed of a
semiconductor APV film with a stepwise configuratiahe steps of which gradually
increase in thickness, starting with a value qim1

Films of different thicknesses were obtained uangUP-2k vacuum system.
The vacuum in the work chamber was on the ordet05f10° Torr. A substrate,
heated to temperatures of 310-28pwas placed at an angle of°4®ith the
molecular beam.

Pieces of glass 2 mm thick were used as substrdfben prepared, each
substrate was inserted into a holder, and a masle mhinsulating material (a paper-
based laminate) was attached to its surface. Aamutor (2 rpm) placed inside the
work chamber was used to cover or uncover the atbs surface. As the motor
rotated, it pulled a light heat-resistant cord @dtel to the mask, and the substrate’s
surface was gradually uncovered. The films depdsitereby on the substrate of
dimensions 2x20 mm were of a stepwise configuraftidre thickness of each step
was measured with MI-4 interference microscope.

A diagram of a film with an anomalous photovoltagshown in the figure. The
photovoltage is generated by incident luminous flyx As the position of incidence
of monochromatic radiation changes step-wise froto 2.0um, photovoltage Yy
generated in the film declines proportionally.

For producing the coordinate-sensitive elementsnade the film with various
thicknesses. The effective thickness of a sendéiyer is 1um for cadmium telluride
films. With increase of thickness in the region mtinan 1um the APV decreases

(Fig. 3).
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Fig. 3. The dependence oid{ versus the thickness of CdTe film

As substrate the glass with thickness of 2 mm veasluThe prepared substrates
were located in the special holder and on a surfdice substrate the mask from a
isolation material was fixed. In the working chamlbe microelectric motor 2
rev/min was fixed for opening or closing of a saedaf substrate. Thus, there was
obtained the step film on a substrate with the 220 mni.

In Fig. 4 the APV-step film was shown, where 1 phatosensitive step layer of
cadmium telluride crystal; 2 — a glass substrate; he metal contactshy — an
incident flow of directed monochromic radiation.

Fig. 4. The coordinate-sensitive APV-step film: & photosensitive step layer of
cadmium telluride crystal; 2 — a glass substrateh® metal contacty, — an
incident flow of directed monochromic radiation

The incident flow of light®, generates the APV. Changing coordinates of

monochromic radiation on step with thickness of 8 from 1 to 2.0um the
generated APV proportionally decreases.



In coordinate-sensitive photogenerators on a lmisnium telluride films it is
possible to develop the coordinate-sensitive inddest receiver of optical radiation.
The entrance signal contains the information omrection and size of displacement
of radiating object. On the basis of such films to®rdinate-sensitive independent
receiver of optical radiation “KCHP-1M" was made.

4. Conclusion

The obtained results for APV-films such as CdTeharacteristic by that the
magnitude of photovoltage depends on thicknesslmof Optimum thickness of a
film is ~1 um, at which the APV reaches the maximum. With iaseeof thickness in
the region more than lm the APV decreases. On the basis of such depeadikac
coordinate-sensitive independent receiver of optadiation was made.

The technique of increase of the anomalous phatayelin semi-conductor film
structures is developed. It was established thtiteifback side of the film is put on
silver-plated substrate, the APV in such film irages to 30%.

An optical sensor based on cadmium telluride filoas be used in a self-
contained position-sensitive optical detector.

The main parameters of the position-sensitive aptietector based on a CdTe
APV film are as follows: sensitivity, 2—-5 V/mm (ah illumination intensity of 10
1x): internal resistance, 910" Q: response time, 0.8-1.0 s; emission spectrum,
0.5-0.83um; and sensitive area,x25 mm. the detector measures2220 mm
overall, and its mass is no more then 3.0 g.
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Abstract

The principle of measurement of spectrum absorpfntanolayers of the
elementorganic compounds, based on use of theabfitice measuring converter is
described in article.

The purpose of this work is developing of absorpggnof monomolecular
layers adsorbed on substrates method of measurelRmenealization of this problem
we develop a fibre-optical attachment to spectropieter.

The developed method is based on using frustradtal internal reflection
(FTIR) phenomenon. If monochromatic radiation dieelcalong optical fibre on
which surface the adsorbed condition of molecukmeintorganic compounds are
located, the last fall into in the field of rad@ti optically tunneling from an optical
fiber in surrounding space. The adsorbed monolajesorbs falling radiation.
Advantage of a method of measurements is posgibilipassage of a light bunch not
across, but along the deposited layer of molecelesientorganic compounds, that
should increase essentially relative "thicknessd tdyer of a material through which
there passes radiation. Though absorptance doesnpthe absorption factor grows
to the value, allowing it to measure.

The method is realized in the attachment repredemid-ig. 1.

i /7 2“ /3/4/5@d 10

T

|
L

=

Fig. 1. The scheme of the developed attachment

The radiation, leaving through the monochromatbtrd sare focused by a lens 7
on butt-end single-core optical fibre cable 2 oseation 3 which all external covers
are removed and the core is exposed. This sediptaced into the chamber 4 with
heater 5.



The reagent 6 is in the tubular evaporator 9 hawrigeating element 10. The
radiation which has left an optical fiber, gets an detector window of the
photomultiplier tube 8 [1, 2].

During development of the method of research thasmission spectrum the
adsorbed iodine in a range of lengths of waves f28® up to 600 nanometers has
been received. In the further work on expansioa spectral range of researches will
be lead.
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Fig. 2. The transmission spectrum the adsorbeaéodi
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Abstract

The present paper deals with the questions of dpwent and expected
parameters of tunable multiplex-optical filters wlniuse the combination of two
interference optical filters - with one of high awdh the first interference orders.

Now interference optical filters are widely usedpimysical research, measuring
and military equipment, industry [1,2]. Their adteges are simplicity and
convenience in work, high degree of monochromatiaitan optical filter's spectrum
band. It is possible for these devices to obtames@additional benefits if they are
capable to tune an allocated spectrum band thabeaeached when using micro-and
nanotechnologies [3, 4, 5].

In interference optical filters presented in th@egrait is used an electro-driven
regulation of an air clearance between mirrorqeffabry-Perot resonator at the size
of the clearance corresponding to the first ordearo interference; metal films on
glass substrates are used as mirrors. This papesiders the questions of
development and expected parameters of tunablephedioptical filters which use
the combination of two interference optical filtenwith one of high and with the first
interference orders.

In a tunable multiplex-optical filter under devetognt the clearance regulation
between mirrors of the resonator with the firseifegrence order is provided with the
use of direct piezoelectric effect, the clearanetwben mirrors of the second
resonator does not change. With the use of twoemutive on the course of a beam
adjusted optical filters — low and high orders - ist possible to increase
monochromaticity of radiation allocated from thesjpum of the source and keep the
width of a tunable diapason [5]. The simplified egle of such an optical filter is
shown in Figure 1. The optical filter of the fistder is formed by mirrorg and2
and an air clearance between them. The opticaf fdf a high order is formed by
mirrors 3 and4 and a transparent plafebetween them. A hold€r is attached to a
piezoceramic bea8. A transparent platé is fixed in a holder. A transparent plate is
covered by mirrofl.. The most important design feature of the devidhasusage of a
submicron equidistant [6] air clearance betweerrarsrl and 2. This clearance is
adjusted within0, 2+ 0,4 um under the clear aperture of 10 mm.

The control of the air clearance amount is pieatgte control voltagey, is
applied between plates of piezoceramic behdd/hen the voltage, is applied, a

piezoceramic bead 8 (Figure 1) changes its thickdepending on the amount of the
applied voltage; the change of thickness can brilzkd by the formula:
Al =(d E=d. U, (4)



Whered,, — piezoelectric modulus of the material of a pedeotric elementas

— deformation on the thickness of a piezoelectieecnente — electric field intensity
in a piezoelectric elemeny, — voltage.

U,
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Fig. 1. The simplified scheme of a tunable multipbgtical filter

If for a piezoelectric element we use piezocerani&B-590 (TsTS BS-2),
which hasd,, =50010" C/N for a multiplex-optical filter tuning withinhe whole

visible diapason of the spectrum an= 0,2 um, the required voltage is up tg =

400 V.

Let's consider optical characteristics of an optitker. In a multiplex-
interferometer under the proportion of optical kmess of interferometers, divisible
by an integer, dispersion area is defined by thea anf dispersion of a thin
interferometer, and dispensation is defined byicktimterferometer.

The multiplex-optical filter transparency is similk®m a transparency of a four-
mirror interferometer and is calculated by the folan{1]:

-|-4
, (5)
2 2 . 52
(1+R) [(1— R) +4RS|rf2}

T, =

Where:%:%’Tan (without jumps of phases on reflecting surfacgsandR -

power transparency and reflection index of eachranirThe spectrum order is
calculated by the formula:

=206

A
Where:Ln — an optical width of the distance between mirrdrs— an average

54
length of a wave of the interferometer dispersigraa
The dispersion area of a multiplex-optical filterapproximately equal to the
dispersion area of a thin optical filter [2]:

o @
Where:q, — a spectrum order of a thin optical filter.



The acceptable difference of wave lengths in a iplak-optical filter is
calculated by the formula [2]:

1 1-R
5o ®

Let's perform a quantitative estimation of the avhble parameters of the
considered device in which interferometer with alen clearance has an ordge1

; an adjustable diapason of the spectraum=0,4+0,€ um; according to (3) the
amount of the clearanag in extreme points of the tuning diapasan=0,2+ 0,4 um.

Instrument function of a multiplex-optical filtess iequal to the product of
instrument functions of its components; the optitétr passes radiation with the
lengths of waves which are simultaneously presdnpass-bands of both its
constituent optical filters.

When tuning (by changing the clearance betweenonsirran optical filter with
the first order of an interference, its pass-bamdlisplaced on a spectrum, the
allocation of one dispersion band occurs, there-allocation of the other band of the
second optical filter, i.e., "switching" of the gesonsaj, passing through an optical

filter with the big interference order. We can cdéde the optimum combination of
spectral characteristics of optical filters by dqgathe width of a pass-band of an
optical filter with a smaller clearanceg, to the dispersion banah, of the second

one:d,, = A,
Numberm of "switched" dispersion bands equals:

_AA
M = AL (9)
Let's find the dispersion band of the second ieterheter:
a =2 (o)
q,

DistanceL, corresponding to this band between the mirrorsthef second
interferometer is calculated by the formula:
A
=g, (11
=2 (11)

Heren - an index of environment refraction. The resoltshe calculations are
provided in Table 1.

Table 1. Calculation optical parameters of a micohanical multiplex-optical filter
(R = 0,9,T = 0,07,”2'.2 = 5,8},l,m)

L1, A, o\, A, O, _

um um Lm Lm um q M = Qmin — Qmax Tm

0,2 0,4 0,013 0,013 0,00046 29 14,5 0,24

0,3 0,6 0,02| 0,031 0,001 19,3 14,5 0,0009
0,4 0,8 0,027 0,055 0,0019 14,5 14,5 0,000y

Fig. 2 presents the design dependence chart dfahemission of a multiplex-
optical filter on the wave length at the size ofaaljustable clearance.
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Fig. 2. The calculation design chart of the trarssmin of a multiplex-optical filter.

[~}

The performed calculations show that a micromed@multiplex-optical filter
can work overlapping all visible diapason of a $speun with the dispensation about
10 A, what is clear from the Figure 2 which presahe design dependence chart of
the transmission of a multiplex-optical filter dretwave length at the size adjustable
clearances: 1.um of an optical filter with high interference ord@50 nm of an
optical filter with low interference order. The lefion index of the mirrors is equal
0.85, transmission index of the mirrors 0.05, tnaigsion index of an optical filter
0.01.

Preliminary research of experimental samples ha bmarried out. An air
clearance between the resonator mirrors with th& fnterference order having
deviations from the equidistance of the order u@0(it was defined on the basis of
interference colours) on clear aperture of 8 mnthatclearance change of 0,12%
the resonator was tuned from blue colour transiomst red colour transmission.

The similar optical filter, in our opinion, can lapplied in systems of the
express analysis of chemical substances and vandustrial liquids and gases, in
research of harmful substances content in envirohnmiéne optical filter can have
modifications working in IR-diapasons of a spectrum

REFERENCES

1. Skokov, [.V.Multibeam interferometers in measuringquipment /
I.V.Skokov. -M: Mechanical engineering, 1989. — p. 256.

2. Lebedev, V.V. Experimental optics. — 3 ed. / V.¥bedev. -M: MSU, 1994. —
p. 265.

3. Research of physical problems nano — and microdinaal functional
devices of information optoelectronic systems: tlgort about NIR / SGGA; sup.
V.V. Chesnokov; exec. Chesnokov D.V. — Novosibirgk03. — p. 71. Ne GR
0199.0010326. — InWe 02200 1.03177.



4. Chesnokov, A.E. Research of optical characteristods multilayered
structures of the adjusted Fabry-Perot resonatdt/Ghesnokov // GEO-Sibir 2007.
T. 4. Specialised instrument making, metrology, niegrhysics, microtechnics. P. 1:
source book Il Internat. Scient. Congr. «GEO-S®07», 25-27 apr. 2007
Novosibirsk. — Novosibirsk: SGGA, 2007. — p. 167617

5. Chesnokov, V.V. Interference optical filters withtumable pass-band / V.V.
Chesnokov, D.V.Chesnokov, D.M.Nikulin // source kd¥ Internat. Scient. Congr.
«GEO-Sibir-2008», Novosibirsk, 2008TH4., p. 1. — pp. 11-16.

6. Chesnokov V.V.,, Chesnokov D.V.,, Nikulin D.M., Che&ov A.E.

Manufacturing process of a tunable optical filteathwFabry-Perot interferometer /
ApplicationNe2008130196, Russia. — a priority of 21.07.2008.

© D.M. Nikulin, V.V. Chesnokov, D.V. Chesnokov,(r01



	Micro Process Engineering and Nanotechnology Applications T
	ABOUT ORGANIZERS
	ORGANIZING COMMITTEE
	GENERAL THEMES AND TOPICS
	TECHNICAL PROGRAMME
	MICROSTRUCTURE DEVICES FOR WATER EVAPORATION
	FROM MACRO BATCH TO MICRO CONTI: ECO-FRIENDLY PROCESSES AND NEW PRODUCTS THROUGH MICRO PROCESS ENGINEERING TECHNOLOGY
	RECENT ADVANCES IN HETEROGENEOUSLY CATALYSED PROCESSES FOR ENERGY RELATED APPLICATIONS
	CONTACTING OF IMMISCIBLE LIQUIDS USING MICROSTRUCTURED DEVICES
	OPTICAL CHARACTERIZATION OF MICROSTRUCTURED EVAPORATORS
	CONTROL OF THE REACTIONS OF HYDROGEN PRODUCTION AT STEAM REFORMING IN MICRO AND NANOSCALE
	THE MODELING OF CHEMICAL TRANSFORMATIONS AT METHANE STEAM REFORMING AND WATER GAS SHIFT REACTION IN A MICROCHANNEL
	SYNTHESIS OF ZNO, ZRO2 AND WO3 NANOPARTICLES AT INTERACTION OF BULK METAL SAMPLES WITH SUB- AND SUPERCRITICAL WATER
	FLOW BOILING HEAT TRANSFER OF REFRIGERANT IN MINI AND MICRO CHANNELS
	STRUCTURE OF TWO-PHASE FLOW IN MINI- AND MICRO CHANNEL
	MANUFACTURING OF A SPUTTER MASK FOR SELECTIVE COATING OF LARGE-AREA RESIST STRUCTURES BY MICRODRILLING
	Fig. 1
	Fig. 2
	Fig. 9
	Fig. 11
	IR LIDAR SOUNDING OF ATMOSPHERIC GASES
	TERMOMECHANICAL PROCESS IN MULTI-LAYER NANOSTRUCTURES INITIATED BY LASER IRRADIATION
	(2)
	(3)
	INVESTIGATION OF PHOTOELECTRIC PROPERTIES OF ANOMALOUS PHOTOVOLTAIC CDTE FILMS AND DEVELOPMENT OF OPTOELECTRONIC DEVICES ON THEIR BASIS
	PRINCIPLE AND ARRANGEMENT OF ABSORPTION SPECTRUM MEASUREMENT OF THE LAYERS ADSORBED ON TRANSPARENT SUBSTRATES
	MULTIPLEX COLOUR FILTER IN MICROMECHANICAL PERFORMANCE


