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Numerical simulation of microchannel network with complex
geometry

M. NIKLAS!, M. FAVRE-MARINET?, and D. ASENDRYCH*

nstitute of Thermal Machinery, Czestochowa University of Technology, 21 Armii Krajowej Ave, 42-200 Czestochowa, Poland
ZLaboratoire des Ecoulements Géophysiques et Industriels, Institut National Polytechnique de Grenoble, France

Abstract. The paper presents the results of a numerical study devoted to the hydraulic properties of a network of parallel triangular microchan-
nels (hydraulic diameteb;, = 110 um). Previous experimental investigations had revealed that pressure drop through the microchannels
system dramatically increases for the Reynolds number exceeding value of 10. The disagreement of the experimental findings with the estim.
tions of flow resistance based on the assumption of fully developed flow were suspected to result from the so-called scale effect. Numerice
simulations were performed by using the classical system of flow equations (continuity and Navier-Stokes equations) in order to explain the
observed discrepancies. The calculations showed a very good agreement with the experimental results proving that there is no scale effect 1
the microchannels considered, i.e. the relevance of the constitutive flow model applied was confirmed. It was also clearly indicated that th
excessive pressure losses in the high Reynolds number range are due to the secondary flows and separations appearing in several regions o
microchannel system.

Key words: integrated circuits, cooling systems, microchannels, flow resistance.

1. Introduction [6]) do not reveal any deviations from the theoretical estima-

he fast devel t high-densi ) | _tions even for very small-scale microchannels. An important
The fast development of high-density (VLSI) microe ectmn'caspectofmicrofluidics is, as reported in several papers, the pre-

C‘FCU“S r_equires more and more effective ways 9f coqling thﬁn’;lture (in terms of Reynolds number) transition to turbulence.
mlcroghlps. In principle the higher the level of mtegnty (re'As indicated by Peng et al. [7,8] the Fanning friction factor
sponsible for th'e CP” SPeed) the more heat is re]eased &hibited high levels for Reynolds numbers within the range
shown schematically in Fig. 1 prepared on the basis of dafj 200:-700 (depending on the hydraulic diameter of the mi-

taken from [1]. T_he tendency presented here m_ak_e S_it clear trE%channel). The authors interpreted this unexpected increase
further progress in VLSI systems development is limited by thﬁ~I f as the result of early transition

capabilities in heat removal from microprocessors. As a pos- . .
sible solution microchannel-based circuits with liquid cooling ~AS can be seen from the above review of the literature data,

media can be employed as providing very high heat-transfété knowledge and understanding of the fluid flow and heat
coefficient. Although such systems are being already cof@nsfer behaviour in microchannels are far from being com-
structed (see sample design in Fig. 2) their performance is sfil€te. Some authors try to explain the discrepancies between
far from being quite satisfactory and a lot of research effor@xPerimental and theoretical results with the so-called scale ef-
have to be done to solve the existing problems. fect suggesting the irrelevance of the conventional model of
The main advantage of small heat exchangers is their hig@ntinuum for very small scales. There is a common feel-
cooling performance. Dongging Li [2] showed that it may band of the need for furthe_r fundam_ental investigations in or-
even up to 60 times higher than the corresponding values fBf" [ Provide more precise experimental data (due to small
conventional, macroscale heat exchangers. The application35/€S the measurement uncertainty is much higher than for
microchannels leads, however, to significantly increased flofpacroflows) and look for the possible improvements of the
resistance which is a serious drawback of this technology. setpnstitutive models describing the microflows.
eral early experimental studies provided results on the friction The present numerical study was undertaken within the
factor which cannot be easily explained with the use of conveframework of a larger research project devoted to the new
tional transport theories. Wu and Little [3,4] investigated trapedesign of a micro heat pipe with a system of triangular mi-
zoidal microchannels (etched in silicon and glass) and fouratochannels as a heat exchange section [9]. The experimen-
the friction factor up to 30% higher than the value predictethl part of the project, preceding the current simulation work,
for a circular pipe on the basis of conventional law. Similarhallowed to find that the flow resistance through the network
the work of Qu et al. [5] revealed a significant increase of flovis unexpectedly high although still in the laminar flow regime
resistance in the wide range of Reynolds number studied. @®]. In order to provide the complementary knowledge to the
the other hand recent data available (e.g. work of Baviere et akperimental trials suggesting the existence of a scale effect,
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the numerical simulation exactly folleedthe geometry of ex- The pressure drop along the syst&m being the main pa-
isting facility. It was believed that using conventional laws ofameter of interest was determined by the difference of pres-
hydrodynamics it would be possible to discover the sources sfire at the inlep;,, and outletpo,t (Ap = Pin — Pout) Which
increased pressure losses and either to negate the scale effee measured by means of two piezo resistive strain gauge

or to support its existence. transmitters placed upstream/downstream of the tested cell.
The system bulk velocity was determined from the mass flow
Pentium ® rate which was measured by precision weighing or by a high-
Processor power doubles 1, oooir accuracy flowmeter. The Reynolds number based on the aver-
_loo Ve ~36 months .. age bulk velocity across the netwdrk,.. and the hydraulic di-
= 10 486 ameter of a single channBl, (Re = Uyt - Dy, /v) Was varied
o 20 in the rangel + 700. The pressure losses allowed to determine
£ 8085 the Fanning friction factor defined as
A1 40080
4004 f= Ap_ Du (1)
0 2002, L
1971 1974 1978 1985 1992 2000 2004 2008 andthen the Poiseuille number
Fig. 1. Historical power trendbr Intel CPUs (after Ref. 1)
Po=1f-Re (2)

being the main parameter characterising the hydraulic perfor-
mance of the network.
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Fig. 2. View of a sample hydraulic micro-cooling system (after
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2. Experimental arrangements

w
2.1. Network geometry and instrumentation. The test sec- - 20 mm o
tion under consideration consisted of a system of 55 parallel (a)
microchannels (see schematic view of the network in Fig. 3a) 215 mm 150 mm

which were etched in a silicon wafer by a wet anisotropic tech-
niqgue and then covered by a silicon plate. The microchan-
nels system was supplied with the circulating working liquid
(demineralised water) by the external closed-loop circuit. The
fluid was distributed among the microchannels through the in-
let channel termed as distributor and then collected by the col-
lector. The microchannels were of triangular cross section (see

707 ?
_ // 150
7,
Fig. 3b) characterised by the hydraulic diamdigr = 110 222
£l

+ Silicon wafe;ﬁ

5 ]
um and the length. = 18.4 mm so it corresponded to very L.
long channelsl{/D;, = 167). The x axis of_the coordinating _ D, = 110 um }
system was placed along the symmetry axis of the system with (b)
its origin located in the front wall of the distributor (see Fig.
3a). The entire dimensions of the microchannels network wefég. 3. The geometry of microchannels systeemtire view of the
determined by its longitudinal (along x axis) and transverse network (a); cross-sectional view of silicon wafer (b)
(along z axis) extents h and w, respectively.
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2.2. Head losses measurementsMeasurements of theres- — flow through the simplified network — geometry did not
suredrop across the system of microchannels [9] represented include the inlet to the distributor and the outlet from the
by the Poiseuille number are reported in Fig. 4 as a function of  collector — case NM1,

Reynolds number and compared to the theoretical prediction. — entire microchannels network — case NM2.

One can note a dramatic increase of the flow res?s_tance abc§/_§_ Numerical method. The CFD (computational fluid dy-
the level corresponding to fully develqped conditions (Po ﬁamics) simulations of the flow under considerations were per-
13.3) for the Reynolds number exceeding about 10. One of t §rmed by means of the commercial code Fluent 5.4. The con-
possible explanations of that growth of friction factor coul inuity (3) and momentum-transfer (4) equations for laminar
be the laminar-turbulent transition taking place inside the M ow regime were employed as the governing system of flow
crochannel as indicated by Peng et al. [7] who found experj

quations.

mentally that it can occur for much lower, than one would ex- Lo

. divU =0 (3)
pect, Reynolds numbers (even below 700). It is not, however,
the case of reported experiment as the continuous increase in oU. IU; __ Ip + o135 ¥ pgs. (4)
the Poiseuille number starts for much lower Reynolds num- ! Ox; Ox;  0x;

ber values and for Re: 300 , its value is roughly three times | order to achieve thelesiredaccuracy of calculations the
higher than the theoretical estimation. In order to find out th@quations were discretized using second order schemes with
sources of these enormous discrepancies, a numerical Simylgs second order upwinding method. The segregated solver
tion was undertaken taking into account all the probable phygsas applied with the SIMPLEC pressure correction method.
ical phenomena occurring in the laminar single-phase flow. Grig generation was done with the use of Gambit 1.3. The so-
lution was treated as converged when the level of residuals was

70 lower than 10°. This was typically required to run appr. one
60 thousand iterations for single channel geometry and several
50 1] ¢ Experimental data thousand iterations for a channels network. The grid quality
— Laminar theory was carefully checked by performing grid independence tests
540 of the solution in terms of the pressure drop across the system.
- 30 o The consecutive calculations were performedfar?, 6-10°
20 * and9 - 10° volume elements and the greatest differences found
- o0 ° were lower than 3%.
10
0 3.3. Results of the simulation.
1 10 100 1000 10000 Single channel flow. Fully developed flow — case SM1As
Re the starting point the simulation was conducted for the fully
Fig. 4. Pressure losses in a systefmicrochannels — experiment developed flow inside a single microchannel which could be
versus fully developed flow (after Ref. 9) achieved by applying the so-called periodic boundary condi-

tions at the inlet and outlet cross sections. With this assump-
tion no specifications were made about the flow-field parame-
3. Numerical simulations ters and the ﬂow through the microchannel was driven thanks
to the prescribed mass flow rate equal to the 1/55 of a total
3.1. Simulation strategy. Because of the complex geometryflux. For this simplest flow configuration the pressure drop
of the microchannels network it was decided to carry out thomputed from the recovered flow was only due to the friction
simulations in steps starting from the simplest case of a singd¢ the bounding walls and no other effects influenced the hy-
microchannel and then extending the geometry up to the egraulic performance. The solution, as it could be expected, was
tire system following the existing experimental facility. SuchReynolds number independent and agreed excellently with the
an approach allowed to identify easily the consecutive sourcggrature data (Bejan [10]), i.e. Po = 13.3.
of head losses and to quantify their relative importance versus Flow with developing boundary layers — case SM2The
Reynolds number. The consecutive flow Configurations COU%Cond Step of numerical simulation was aimed at the ana|y-
be grouped into two classes, i.e. computations for single chags of the so-called entrance effect resulting from the increased
nel and a network of channels. In particular the following cas&gow resistance due to developing boundary layers downstream
were considered: the channel inlet (see Fig. 5). In order to approach that flow
e single microchannel (SM): configuration the “velocity inlet” boundary condition was em-
ployed at the inlet cross section with the uniformly distributed
velocity deduced from the mass flow rate corresponding to the
single microchannel. At the outlet from the computational do-
main the “pressure outlet” boundary condition was set where
all the flow-field parameters (except for the static pressure as-
sumed here as a reference value) are extrapolated from the in-
e network of microchannels (NM): terior.

— fully developed flow — case SM1,

— flow with entrance effects, i.e. with developing bound
ary layers — case SM2,

— flow with local losses occurring at the inlet to the chan
nel from the distributor — case SM3,



(m/s) of boundary conditions was not possible, so it was decided
to consider the simplified model. The assumption was made
about the symmetrical geometry, i.e. with application of two
inlets ("inlet 1” and “inlet 2” in Fig. 7) where “velocity inlet”
boundary conditions were used (similarly like in case SM2)
with uniform velocity distribution deduced from the mass flow
rate. At the outlet from the microchannel “pressure outlet”
boundary condition was employed. As it can be found in Fig.
8 the Poiseuille number for case SM3 (open circles in Fig. 8)

Y slightly exceeds data for flow with developing boundary lay-

X ’ Inlet ers (case SM2 — open triangles in Fig. 8) in the range of high

Reynolds numbers (Re > 1000). The detailed analysis of the

flow-field revealed the occurrence of separation regions just

downstream the inlet to the microchannel and they are identi-
fied as being responsible for the Po number increase.

Fig.5. The flow pattern in #ow with developing boundary layers

70
| | ® Experimental data
60 -~ Entrance effect (SM2) (m/b)
50 T{=¢ Fully developed flow (SM1) Inlet 2
40 1
)
*
R 30 1 .
20 1 00'/ Inlet 1
° X—O—H?—'#éio;o_-s:ﬁkﬂ:x
10 4
0 ‘ ‘ ‘
1 10 100 1000 10000
Re

Fig. 6. Influence of entrance effeah pressure losses in microchannel

The results of the simulation are shown in Fig. 6, where

they ar? put tOget.her with the experimental data as Wel.l as t'E%. 7. Velocity field for thecaseof single channel with local (inlet)
theoretically predicted value for reference case SM1, i.e. for

fully developed flow. Noticeable growth of Po number appears losses
for Re number greater than 300, while in experiment such a
growth takes place already at Re = 10 and is much more in- .,
tense. ¢  Experimental data
One can conclude that the contribution of entrance effect 69 o Flow with local losses (SM3)

into total head losses is not the crucial one but undoubtedly 50 -
it should be taken into consideration during modelling of the

40 \
flow. o >« Fully developed flow (SM1)

Flow with local pressure losses — case SM3he last flow ™30 ®
configuration concerning single microchannel was targeted at o | / {
estimation of local pressure losses appearing typically at the . 2
inlet to the duct, i.e. losses resulting from change of the flow 101
direction and abrupt decrease of the cross-sectional area. The 0 , , ,
geometry under consideration was formed by the extension of 1 10 éoo 1000 10000
geometry for former cases (SM1 and SM2) by a part of dis- “
tributing channel corresponding to single microchannel, i.&ig. 8. Influence of inlet losses dhe pressure drop in microchannel
its transverse extent (along “z” axis) was equal to the spac-
ing between channels of an entire network (see Fig. 7). The The comparison of the numerical results with the experi-
adequate simulation of such a flow case would require the amental data presented in Fig. 8 clearly reveals that the entrance
plication of only one inlet to the computational domain (e.geffect and the local losses have minor impact on the flow resis-
“inlet 1" on one lateral side in Fig. 7) and two outlets (on thgance and cannot justify the discrepancy in the range of mod-
opposite lateral side denoted “inlet 2” in Fig. 7 and the outerate to high Re numbers.
let from the microchannel). As far as the single microchannel Flow through the system of channels. The significant
is concerned (without knowledge about flow-field nonunifordifferences between numerical and experimental data in terms
mity along the distributor and collector) the correct definitiorof head losses indicates the need of the simulation for entire

-~ Entrance effect (SM2)




channels network. Moreovethey seem to question the exis- losses which cause that the results (closed circles in Fig. 10)
tence of the scale effect suggested to be the source of increaaeelmuch closer to experimental data (closed diamonds in Fig.

flow resistance. 10) than those corresponding to the flow through single chan-
The real system consists of the following elements (see Figel cases (cases SM1, SM2 and SM3). For the present config-
3a): uration significant growth of Po number appears at Re number

greater than 50 but the Po=f(Re) curve is not so steep like in
I§_xperiment. Nevertheless, on the basis of these results it is pos-
sible to have an insight into the flow-field and try to answer the
guestion what is responsible for so high growth of flow resis-
tance in real conditions.

— 55 triangular microchannels,

— two transverse channels (distribution and collector cha
nels) connecting the microchannels,

— inlet and outlet from the system.

At this stage of CFD simulation two flow configurations of mi-

crochannels network were investigated: 70 ® Experimental data
— simplified system (with neglected inlet ant outlet parts 00 | | = Simplified network (NM1)
of the netWOfk), 50 4| o Flow with local losses (SM3)
— actual network system including the inlet and outlet sec- | | ™ Frirance effect (S2)
. - —¢ Fully developed flow (SM1)
tions. c
30

It was decided to distinguish the above cases in order to
have a better insight into the physics of the flow and to quan- 20

*

tify the independent sources of head losses in the network. 10+

Flow through the simplified network — case NM1. The | | |
simplified model of a network [11] is presented in Fig. 9. The 1 10 100 1000 10000
following assumptions were applied: Re

_ it was accepted that the model consists of even numb'(:allg' 10. Contribution of the mixingo the flow resistance of the mi-
crochannels system

of 54 microchannels,

— only half of geometry (consisting of 27 microchannels)
was considered due to its symmetry,

— the inlet and outlet sections were not included in the ge-

ometry, Inlet
— one of the ends of distribution channel was used as an
inlet to the system (see Fig. 11) with “velocity inlet” 240 Distributor
boundary condition where uniform velocity distribution 220
was set at the level resulting from the mass flow rate _ 200
through the half-system, £ 180
= 160
— one of the ends of collector channel was used as an out-_" |
let from the system (see Fig. 11) with “pressure outlet” ~ 19 Collector
boundary condition applied. 100
890.5 04 03,02 0.1 OO
utlet
Outlet
Fig. 11. Pressure drop along the distribr and collector of the mi-
crochannel system
Figure 11 shows the pressure variation along the distribu-
Inlet tion and collector channels corresponding to Re = 195. As it
can be easily noted the static pressure in distributor is nearly
Y constant (except the minor drop in close vicinity of the inlet)
>z while in the collector a significant pressure drop is observed
Fig. 9. The geometry of a simplifiedetwork reaching 1/3 of the level corresponding to the farthest channel

(z/w =~ 0.5). The pressure field distribution can be explained
The results of the simulation of the flow through the simwith the use of the data of Fig. 12 where the velocity vector
plified system of microchannels are presented in Fig. 10 toragnitudes are presented in both channels. While the veloc-
gether with all previously obtained results. It is easily seeity field in the distributor does not reveal any local nonunifor-
that the flow through the network introduces additional heaghities (see Fig. 12a), the rapid “jets” outflowing from trian-



gular microchannels are easily identified in dwlector (see — “pressure outlet” imposed at the outlet from the network
Fig. 12b). These jets resulting from an abrupt enlargement  where no specifications about the flow-field were done.
at the microchannels outlet have a great influence on the flow . u Y .

as they are responsible for intense mixing in the collector an"’trd additionally the_ symmeiry” condition was set at a plane
for subsequent high head losses in this region. These add _symmetry (see Fig. 13).

tional head losses cannot be simply avoided because they are

related to the sudden change of cross-sectional area (triangu- Outlet

lar microchannel — collector channel) and due to technological Collector
problems cannot be replaced by diverging channel endings.
(m/s)
Re = 195
Yy Distributor
Z Inlet
Fig. 13. Half geometry of the actuaktwork
Y ¢ Experimental data "
X (a) 60 1 -= Entire network (NM2)
7, (m/s) -0- Flow with local losses (SM3)
Re = 195 90 T =+ Entrance effect (SM2)
40 | | =% Fully developed flow (NM1)
D? -o— Simplified network (SM1) gl o
30 // o
L g0 LA
20 Iy L o
4.36e+00 L e] | L
3.98e+00 10 ¢ ]
3.63e+00
3.27e+00
2.90e+00 0
2.54e+00 1 10 100 1000 10000
2.18e+00 Re
1.82e+00
1.45¢+00 Fig. 14. Comparison of pressure lossesédatirenetwork with other
iy geometries
3.63e-01
0.00e+00
:
o
Z
Fig. 12. Velocity vector magnitude distultion; inside the distributor
(a); inside the collector illustrating mixing losses (b) 1 Re
Flow through the microchannels system — case NM2. 0.8
As the last step of the present numerical work the simulation : 0.6 -
was carried out for the computational domain exactly follow- 5

ing the real microchannels network. Taking advantage of the
symmetry of the system the computations were limited to the 0.2 -
half-geometry [12—14]. The view of the geometry under inter-
est including the inlet and outlet sections is shown in Fig. 13.
The boundary conditions applied for the current configuration
were analogous with those used for simplified network model
(case NM2), i.e.:

)

— “velocity inlet” set at the inlet to the system where uni-Fig. 15. Reynolds number influence pressurevariation in distribu-
form velocity distribution was assumed, tor and collector



The results of computations for entire netlk geometry the high pressure drop in this region. In the farther transverse
shown in Fig. 14 are qualitatively identical with the experdistances exceeding the dimension of separation zone the pres-
imental data revealing, however, the slight overestimation @lure is practically constant. As it can be easily estimated from
Poiseuille number. The differences may be due to the uncetata collected in Fig. 15 the inlet separation region is responsi-
tainties in the numerical simulation, but also to measuring eble for more than 20% of total head losses and its contribution
rors, caused, for instance, by presence of air trapped in the cgpes up for increasing Reynolds number.
ners of the triangular cross-section. According to the present
numerical and experimental results, it seems that no size ef-
fect is present in the flow investigated with the characteristic - T
lengthscale of 11@m. It means that the constitutive model 1 ~
(Navier-Stokes) is able to adequately predict the flow in the /\
network under consideration. Careful analyses of the flow- -8 ~
field in this complex system of channels show that there are_ 4 \
some other sources of high pressure losses in addition to thosé T~

typically appearing in microflows. £ 0.4 <~
yp Yy app g Rel— 390
0.2

(m/s)

0

X -0.2 0 0.2 0.4 0.6 0.8 1 1.2
Re = 390 x/h

Fig. 17. Pressure variation along tbentrelineof the system

Recirculation (m/s)
Re = 390

Recirculation

Fig. 16. Z-velocity (spanwise) component distriton in the inlet
zone

Fig. 15 illustrates the pressure drop in the distributor and
collector channels for the selected values of Reynolds number
(Re =3, 195, 390, 584) covering the experimental range. The
results are presented here in normalised way in order to alldug: 18. X-velocity (longitudinal) velocity componeudstribution in
the comparison of pressure drops varying in a very wide range. the outflow region

The normalised pressure was defined as follows ) S
b—p In order to interpret the pressure distribution in the collec-
— Pout

Pnorm = ———— (5) tor presented in Fig. 15 the insight into a single microchannel
ax — Pout can be of help. Fig. 17 shows the static pressure variation

wherepnax representshe maximum pressure. As it cdoe  along the centreline of the system (z = 0). The initial part of
foundin Fig. 15 the highest pressure drop is observed at thiee curve corresponds to the inlet section (x/h < 0) and to the
inlet to the distribution channel (except for the case of the lowdistribution channel (as shown in the scheme at the top of Fig.
est Re) and moreover, this pressure drop is strongly Re numidéaf). The constant pressure gradient observed in the channel is
dependent (the higher the Re number the higher is the pressareonvincing evidence of the fully developed flow. The non-
drop). The explanation of such a pressure distribution is cleadiynear pressure distribution in the inlet part of the microchan-
visible in Fig. 16 presenting the contours of the z-velocitynel, caused by the entrance effect, is practically disappearing
(transverse) component in the inlet region. The sudden chanfge x/h > 0.3. In the ending part of thg,,,m = f(x/h) dis-
in the flow direction at the end of the inlet to the distributortribution corresponding to the collector and the outlet section,
gives rise to a strong separation just downstream the inlet ca-very high pressure drop is obseregdh > 1). The source
ner. The coherent vortex attached to the distributor wall witbf these losses is shown in Fig. 18 where the contour map
extensive reverse flow (dark region in Fig. 16) is responsof x-velocity (longitudinal) component in the outlet region is
ble for significant reduction of the distributor channel crosspresented. Similarly like in the inlet region the sharp corner
sectional area and acceleration of the stream leading in turnleading to sudden change of flow direction causes the origin



of separation vortex (dark-coloureegion in Fig. 18). It no- part of the system with maximum/minimum values ratio about
ticeably contributes to the total pressure drop and, as can Be It may be noted that the distribution of the bulk velocity
estimated from pressure distribution shown in Fig. 17, its coralong the system is slightly Reynolds number dependent (the
tribution may also (like separation eddy in the inlet sectionfigher Re number the highéU.;, /Uy,et )max Value — compare
exceed 20%. Summing up both the separation zones in the rtiie bulk velocity profiles in Fig. 19a and 19b). It should also
crochannels network may be responsible for nearly half of tHee remarked that such a flow rate nonuniformity across the
total head losses. network results in nonuniform heat removal capabilities and

should be regarded as a drawback of a cooling system based

i on the present configuration. It is worth emphasizing that the

objective of the research was to investigate the flow charac-
teristics of a test section with the same geometry as that of a
micro heatpipe. The test-section arrangement was obviously
not optimized from the point of view of heat exchangers.

UCh/Unct Re = 195

4. Summary and conclusions

As it was shown in the preceding sections of the paper the
1 CFD simulation based on classical laws of hydraulics may be
an adequate tool for flow analysis of a complex microchan-
0.5 nels network. The computations clearly showed that there is
no scale effect (or it is of negligible importance) in triangu-
o MURNRIRURNURERARAHAN SRR R RAR AR SN RNRARIRRIE lar microchannels with a hydraulic diameter of 11&. This

1 6 m 16 21 26 31 36 4 46 5 research also underlines the care which must be taken in in-

Number of channel terpreting pressure measurements during the study of flow in

complex microchannels systems. The flow resistance in one
microchannels cannot be estimated on the basis of pressure
drop in the entire network. It requires a careful separation of
pressure variations in the region of interest and in the parts of
the system which are used to connect the microchannel to an
external hydraulic circuit. The importance of this separation is
2.5 clearly visible in Fig. 20 where the contribution of the various
Uch/Unet Re = 390 phenomena (different sources of pressure losses in the flow)
2 to the total pressure losses as a function of Reynolds number
is shown. The curves correspond to the various assumptions
1.5 (flow configurations) used for the computations starting from
single microchannel and finishing on the entire microchannels
1 system. The following phenomena were identified and quanti-
fied thanks to step-by-step simulation procedure:

4

— viscous losses — representing the losses due to friction
observed in fully developed flow (case SM1),
— entrance effect — being a measure of the pressure drop
caused by developing boundary layers in the initial part
* of channels (case SM2),
— local losses — generated in the inlet to the microchannels
(b) and associated to abrupt contraction (included in case
Fig. 19. Distribution of microchannddulk velocity across the net- SM3),
work for: Re = 195 (a); Re = 390 (b) — mixing — caused by jets exiting the triangular microchan-

. nels and entering the collector channel (analysed in case
An important aspect of the flow through the network of NM1)

microchannels is the nonuniform distribution of the fluid flow
rate among the channels. Fig. 19 shows the variation of chan-
nel bulk velocityU,, normalised by the network bulk velocity
ULet across the network for two selected values of Reynolds
number, namely Re = 195 and 390. The mean velocity varies As can be found from Fig. 20 the flow resistance is mainly
significantly from channel to channel as a result of the nonunitependent on three phenomena, i.e. viscous losses, mixing
form pressure differences (see Fig. 15). The highest velo@nd recirculation, having jointly a major contribution to the to-
ties and mass flow rates are obviously observed in the centtal losses in the system analysed. The importance of friction

— recirculation —head losses appearing in the inlet and out-
let sections due to separation of boundary layers as a re-
sult of improper geometry (case NM2).
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