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The flow characteristics of a network of parallel microchannels (hydraulic diameter: 110 um) are investigated both exper-
imentally and numerically. The microchannel cross-section was triangular, as in the case of microheat pipes. The pressure
drop across the microchannel network showed a dramatic increase with a departure from the law of fully developed flow in
ducts as soon as the Reynolds number of the flow exceeded about 10. Numerical computation of the flow was carried out
using the classical laws of hydrodynamics in an attempt to explain this surprising result. There was a good agreement with
experimental results, which suggests that there are no size effects at the length scales used in the experiments. Moreover, the
mechanisms responsible for the large pressure drop for higher Reynolds numbers were identified in the numerical analysis
as being extra head losses due to separation in several parts of the test section.

INTRODUCTION
Background

Much work in recent years has gone into the development
of microchannel technology. This has been especially useful in
electronics where ever faster and smaller microchips are built.
Heat removal, however, is a major problem, that limits the ca-
pabilities of such circuits. High speeds are accompanied by the
intense generation of heat, so the development of higher den-
sity and faster microchips requires significant heat removal from
these components. This trend in miniaturization requires the de-
velopment of very small and efficient heat exchangers. As a
result, exchangers based on microchannel technology have be-
gun to be used. Enhancement of the heat transfer coefficient
is obviously required, along with a reduction in length scales.
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This has been observed many times since the first experiments
of Tuckerman and Pease [1]. Li [2] reported that the major ad-
vantage of microchannel heat sinks is related to the high heat
transfer coefficients, up to sixty times higher than in conven-
tional, macroscale heat exchangers.

Many experimental studies on microchannels are reported in
the literature and show that some results cannot be explained by
conventional theories of transport phenomena (for a review, see
[3-5]). Even if the discussion is restricted to papers related to
single phase flows in trapezoidal microchannels, contradictory
conclusions appear regarding the flow hydrodynamics. Wu and
Little [6-7] investigated flows in microchannels of a trapezoidal
cross-section (hydraulic diameter between 45.5 to 83.1 um)
etched in a silicon substrate and abraded into glass. They mea-
sured friction factors larger than predicted on the basis of con-
ventional laws for circular pipes. Urbanek et al. [8] observed
a temperature dependence of the Poiseuille number in triangu-
lar and trapezoidal microchannels. Flockhart and Dhariwal [9]
found no scale effects on the hydraulics in trapezoidal channels
etched in silicon wafers (27 or 63 microns in height, Reynolds
number <240). However, Qu et al. [10] observed a significant
increase in the friction factor f in the same type of channels
(height 28 to 111 microns) over the whole range of Re investi-
gated (up to 1600).



A discussion of the possible microscale effects can be found
in Mala et al. [11], Guo and Li [4], and Koo and Kleinstreuer
[12]. These analyses took into account the effects due to channel
entrance, wall slip, surface roughness, electrokinetics, and vari-
able fluid properties. At the moment, there is no agreement con-
cerning the phenomena involved in the physics of these flows.
It is therefore necessary to carry out a number of fundamental
studies to identify the differences between experimental data and
conventional flow characteristics and to detect at which length
scale such differences appear.

Motivation of the Present Work

This study forms part of a joint project involving several lab-
oratories, with the goal of designing new heat pipes of a very
small size (typical length scale of 200 um). Since hydrodynam-
ics, and in particular the resisting wall friction, play an important
role in the working principles of heat pipes, it was decided to
investigate single-phase isothermal flows across microchannels
of triangular cross-section identical to those that will be used
for heat pipe operation. The present study concerns flows across
a network of 55 parallel microchannels [13]. Experiments were
conducted on a test section identical to the microheat pipe pro-
totype, except that the network was connected to an external
closed-loop circuit. Measurements of the pressure drop across
the network as a function of the flow rate were complemented
by a numerical computation of the flow in order to interpret the
data and detect possible size effects on the results.

Another issue of this study is the distribution of the flow
rate and pressure losses in a network of parallel microchan-
nels as is relevant to the problems of microheat exchangers.
Hetsroni et al. [14] recently investigated a system of parallel
microchannels etched in a silicon substrate. The cross-section
of each channel was an isosceles triangle with a base of 200-
310 um. Experiments were performed with air-water and steam-
water two-phase flows. Adiabatic single-phase flows were stud-
ied by Yin et al. [15] in parallel microchannels with a working
fluid of nitrogen. Each microchannel had a round cross-section
0.787 mm in diameter. The authors linked the pressure measure-
ments with conventional published correlations on head losses
to analyze the total pressure drop across a microchannel heat
exchanger. This approach enabled them to identify and quantify
internal manufacturing defects. In the present study, we consider
single-phase flows in parallel triangular microchannels, 110 um
in hydraulic diameter. To our knowledge, there is no published
work on single-phase flows of such small size in this geometric
configuration.

EXPERIMENTAL SETUP
Geometry of the Test Section

The main element of the experimental setup was a cell con-
sisting of two silicon wafers bonded together. One of the wafers
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Figure 1 System of parallel triangular channels on the silicon plate: a) top
view, b) cross-sectional view.

was etched via a wet anisotropic technique to form a system of
55 parallel microchannels of triangular cross-section. The con-
figuration of the channels network is depicted in Figure 1; the
dimensions are given in Table 1. The channels were 215 pum in

Table 1 Geometric parameters of the cell

Triangular microchannels Microchannel width 215 pm £ 10 pm

Microchannel height 150 um £ 5 pm
Hydraulic diameter Dy =110 pm
Microchannel length L = 18.4 mm
Distributor channel Channel height hge = 188 pm
Collector channel Channel width age = 800 pm
Channel length Lgc =20 mm
Main inlet and outlet channels Channel height hjo=188 um
Channel width ajo = 835 um
Channel length Li; = 1.5 mm




width and 150 um in height, which gives a hydraulic diameter
of Dy, = 110 um. The length (L = 18.4 mm) corresponds to very
long channels (L/Dy, = 167). All of the channels were connected
to an upstream distributor channel, called the header and a down-
stream collector channel of identical rectangular cross-section
(width 800 wm, height 188 um). The system was covered with
a second silicon wafer fixed by direct wafer bonding. Two holes
(1.5 x 1.5 mm?) were made in the cover in order to connect
the network of microchannels to a demineralized water circuit.
They were located in the plane of symmetry of the test section.
The surface area of the channel network was equal to 2 x 2 cm?.
The cell was inserted and maintained tightly between two large
blocks fastened with bolts. Large diameter holes were tapped
into one of the blocks to connect the cell to the external loop.
Tee-shaped connectors (internal diameter = 3 mm) were then
screwed onto the block and used to take pressure measurements.
Since the cross-section of the connecting parts of the system
was much larger than the cell channel dimensions (47 times
the collector/distributor cross-section), it was assumed that the
pressure at the connector taps was the same as at the inlet/outlet
cell ports.

The x-direction runs along the axis of symmetry of the system
and the z-axis across the distribution channel. The origin is at the
distribution channel inlet on the axis of symmetry of the system
(see Figure 1).

The Reynolds number of the flow is based on the average bulk
velocity V across the channels (flow rate/total cross-sectional
area) and the hydraulic diameter Dy, of one channel. The range
of Reynolds number investigated was 1 to 700. The pressure
drop Ap across the complete system of channels is related to the
Fanning friction factor f via

Ap Dh
— - 1
/ 2pV2 L M
The Poiseuille number is defined as
Po = fRe 2

Instrumentation

The pressure drop Ap was measured either using piezo-
resistive strain gauge transmitters placed upstream and down-
stream of the cell (full scale, 10° Pa; accuracy, 10* Pa) or a
differential gauge (full scale, 10* Pa; accuracy, 10% Pa). The
flow rate was measured by precision weighing or using a high-
accuracy flowmeter (full scale, 0.25 1 min—!; accuracy, 0.001 1
min~') for the highest flow rates. The main uncertainties in the
measurements are due to the determination of the microchan-
nel dimensions, which play a crucial role in the pressure losses.
The dimensions were measured by a mechanical profilometer.
Uncertainties are given in Table 1.

NUMERICAL COMPUTATIONS
Numerical Scheme

Numerical computations of the flow were carried out by using
the commercial code Fluent 5.4. The flow regime was assumed
to be laminar. Continuity and Navier-Stokes equations were dis-
cretized by means of a second-order upwinding finite volume
method. As these equations are non-linear, a SIMPLEC (Semi-
Implicit Pressure-Linked Equations-Consistent) algorithm was
used. This algorithm is based on a prediction-correction method
that allows the equations to be linearized and solved iteratively.
The pressure under-relaxation factor was set to one. Meshing
was performed by using Gambit 1.3. Boundary conditions con-
sisted of a no-slip condition at the walls and a fixed pressure
at the domain outlet. The mesh was unstructured in the cross-
section of the microchannels (triangular cells) and structured in
the longitudinal direction (rectangular cells). It was unstructured
in the other parts of the flow. Several cases were computed by
varying the flow rate across the system. The solution was treated
as converged when the residual level was lower than 107>, The
evolution of the pressure drop as a function of the number of
iterations was also checked.

Numerical Accuracy

Preliminary tests on accuracy were performed during the
computations of a single channel flow with periodic condi-
tions, which corresponds to fully developed flow in the channel.
During these tests, the cells were equally distributed along the
channel. Convergence was obtained after approximately 1000
iterations (level of normalized residuals less than 10~>). Grid in-
fluence was tested on the calculated pressure drop across a single
channel. It was observed that about 200 cells in the crosswise di-
rection are sufficient to have a satisfactory result, the asymptotic
value being approached to within an accuracy of 0.5% with this
number of cells. As aresult, 214 cells were used in further com-
putations. The mesh was refined near the inlet in the streamwise
direction to compute the developing boundary layers. It was then
checked that the pressure drop was independent of the number of
cells along the channel when more than thirteen cells were con-
sidered. For the complete system, the mesh consisted of about
600,000 prism/wedge elements. Grid independence was care-
fully checked on the solution. Comparisons showed that small
differences (less than 3%) were obtained for 300,000, 600,000,
and 900,000 elements.

RESULTS

Figure 2 shows the experimental results. Uncertainties on Po
and Re were estimated by standard methods [16] from precision
errors on the various parameters and are reported on the graph.
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Precision errors on the microchannel dimensions accounted for
the largest contribution to these uncertainties. The other data
plotted in Figure 2 correspond to numerical results and will be
detailed later. The experimental pressure drop deviates from the
theoretical result for fully developed flow in triangular channels
at low values of the Reynolds number (between 10 and 20). This
deviation corresponds to between eight and sixteen dimension-
less channel lengths Lt (=L/Dy, 1/Re), which is much larger than
expected in duct flows (= 0.1). However, it must be noted that
the measured pressure drop corresponds to the whole system,
including the triangular microchannels. The aim of the follow-
ing section is to indicate the contribution of the various parts of
the system to the total pressure drop, deduced from numerical
computations.

Single Channel Flow

Preliminary calculations were divided into three steps for a
single triangular microchannel. These were:

—_—

fully developed flow in a channel

2. flow with entrance effects due to the development of bound-
ary layers

3. flow with local losses due to a sudden change in the cross-

sectional area at the inlet of a microchannel.

Streamwise-periodic  conditions over the microchannel
length were assumed for the velocity field for the first step.
The computations of the fully developed flow provided excellent
agreement with the results of the literature (Po = 13.3 [17]). The
velocity was assumed uniform at the channel inlet, and the de-
velopment of boundary layers was computed for the second step.
The final step considered a channel of rectangular cross-section

1000

Re
Figure 2 Pressure drop across the system of microchannels.

(height 188 pm, width 215 um) followed by a microchannel
with a triangular cross-section of the same maximal width. For
the two latter cases, the grid was carefully refined near the mi-
crochannel inlet, where the boundary layers are developing.

Figure 2 compares the numerical results to the experimental
data. It clearly shows that the entrance effects in the microchan-
nels have little influence on the flow resistance and cannot ac-
count for the rapid rise in pressure drop when the Reynolds
number grows beyond about twenty.

Flow Through the System of Microchannels

In the next phase of the work, the computational domain was
similar to the real network of channels but was reduced to one-
half of the whole system owing to the symmetry of the flow
(see Figure 3). The inlet condition was simplified in compari-
son with the actual arrangement, which corresponds to a flow
inlet perpendicular to the cell plane. It was modeled as a uni-
form velocity distribution at the entrance of a small channel of
rectangular cross-section, denoted as the main inlet channel in
Figure 1. A symmetrical outlet channel was considered at the
flow exit (Figure 1 and Table 1). A condition of symmetry in the
mid-plane of the cell was used in the computations.

Pressure Losses

When the complete model is considered, the numerical re-
sults closely follow the tendency of the experimental data (see
Figure 2). The pressure drop across the system is slightly over-
estimated by the computations. These differences may be due
to uncertainties in the numerical simulations and the simplifi-
cation of the actual inlet/outlet system. There are also possible
additional errors in the measurements due to, for example, the
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Figure 3 Computational domain of the complete model.

presence of air trapped in the corners of the triangular cross-
section, something that cannot be completely excluded. Guo
and Li [4] suggested that this phenomenon could give rise to
a reduction in the actual cross-section and to subsequent local
acceleration of the flow. They also claimed that the reduction of
the wetted area should be the prevailing phenomenon, giving rise
to a reduction in the measured friction factor. This could partly
account for the differences between the present experimental and
numerical results. On the other hand, specific small size effects
were discussed by Koo and Kleinstreuer [12]. These authors
indicate that among possible microscale effects, the wall slip
velocity is negligible for liquid flows in microchannels, though
this effect can probably be discarded in the present case.
Figure 4 shows the contribution of the various phenomena
to the total pressure losses as a function of the Reynolds num-
ber. In this figure, the different sources of pressure losses in
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Figure 4 Contribution to total pressure losses versus Re number.

the flow are separated. The curves correspond to the various as-
sumptions used for the computations and reproduce the results
associated with each assumption. The bottom part of the figure
corresponds to a fully developed flow along the entire length of
the microchannels. Additional losses due to entrance effects and
losses associated with the sudden change of the cross-sectional
area at the beginning of the microchannels correspond to the next
two regions. Finally, the upper part of the figure corresponds to
the sum of the pressure losses in the main inlet/outlet channels
and in the distributor/collector. This figure demonstrates that
two main phenomena have a significant contribution to the total
losses in the system. The regular losses in the microchannels
account for a very large part of the total losses at low values
of the Reynolds number (80% for Re = 5). This contribution
obviously decreases when the Reynolds number is increased
(20% for Re = 700). This may be understood since the regular
pressure drop in a microchannel is proportional to the flow rate
whereas the pressure losses in the other parts of the system
are due to separation and mixing, as presented hereafter, and
are likely to be proportional to the flow rate squared. This latter
scaling law is confirmed by Figure 5, which shows the difference
between the actual value of the Poiseuille number and the value
(Poyiscous) reached for very low values of the Reynolds number.
Logarithmic scales are used to highlight the Re-dependence of
the modified Poiseuille number Po — Poyjscous. Figure 5 clearly
demonstrates the linear dependence of Po — Poyiscous Versus Re
for large values of this parameter. The corresponding pressure
losses are therefore characterized by a constant friction factor
(Eq. 2).

As can be seen in Figure 4, the pressure drop is caused mainly
by losses in the distributor and collector channels for the high
range of Reynolds numbers. For Re higher than 200, the pressure
drop caused by friction in the microchannels is less than half of
the total losses.
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Due to the good agreement between the present numerical
and experimental results, it may be concluded that the deviation
of Po from the fully-developed solution in long channels in the
laminar regime is due to inertial pressure losses in the distributor
and the collector channels. It is worth recalling that the present
numerical computations were based on the assumption that the
fluid is a continuum and on the classical laws of hydrodynamics,
which predict the flow reasonably well. It seems therefore that
no size effects are present in the flow investigated, which was
characterized by a length scale of 110 pm. The same conclu-
sion was found by Gao et al. [18] for flows in two-dimensional
microchannels 100 pum in height.

Pressure and Velocity Fields

Further insight into the flow may be gained from analy-
sis of the pressure and velocity fields deduced from the nu-
merical results. For the following presentation of results, the
pressure and velocity fields are considered in the plane located at
y = 100 pm above the bottom of the microchannels. The pressure
field is illustrated on Figures 6-8 for one typical value of the
Reynolds number (Re = 390). The pressure is normalized in
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Figure 6 Pressure along the distributor and collector channels for Re = 390.
Pressure is given in the planes of symmetry parallel to Oz-axis of both channels.
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Figure 7 Pressure on the center line across the system of channels for
Re =390.

Figures 6 and 7 by

P — Pref
pP=——"— 3)
Pmax — Pref
where pmax 1S the pressure at the distributor channel inlet and
Pret 18 the pressure at the exit section of the main outlet channel

(Pret = 101,000 Pa).
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The normalized pressure exhibits a sharp drop near the in-
let of the distribution channel and only slight variations fur-
ther downstream (see Figure 6). The variations of p* are more
uniformly distributed along the collector channel. These results
may be compared to those of Yin et al. [15], who measured
the pressure drop in a microchannel heat exchanger. Their heat
exchanger consisted of 41 tubes, each tube having eleven ports
0.787 mm in diameter. Contrary to the present arrangement,
the inlet and outlet were placed at opposite sides of the distrib-
utor and collector channels. Despite this difference, the trend
for the pressure drop is the same in both studies. Yin et al.
[15] found that the pressure drop in the exit header was much
higher than that in the inlet header. Figure 6 shows that the
pressure variation is also much higher in the collector chan-
nel than that in the distributor channel if we exclude the strong
pressure drop over the first mm of this channel. These larger
pressure losses may be due to jet mixing in the collector chan-
nel, as discussed later. Figure 7 shows the pressure variations
along the axis of symmetry of the system. The left part of the
curve corresponds to the main inlet channel (x < 0 mm) and
the distribution channel. The triangular microchannel starts at
x = 0.8 mm and ends at X = 19.2 mm. The collector chan-
nel and the main outlet channel correspond to x > 19.2 mm
symmetrically from the inlet part. The linear pressure distri-
bution from x = 0.8 mm to x = 19.2 mm shows a regular
pressure drop along the microchannel located in the plane of
symmetry.

The distribution of bulk velocities in the system of paral-
lel microchannels is plotted in Figure 9. The results of the
computations were completed using symmetry to depict the
complete system. The mean velocities vary significantly from
channel to channel according to the pressure differences shown
in Figure 6. The highest velocities and mass flow rates are ob-
served near the axis of symmetry of the system of channels, as
expected. It is worth noting that the ratio of the highest to lowest

average bulk
velocity

bulk velocities along the system is slightly Reynolds-dependent
(equal to 2.5 for Re = 195 and 3 for Re = 390). This mald-
istribution of the total flow rate is associated with the present
arrangement of the flow inlet and outlet. It should be noted that
the objective of the research was to investigate the flow char-
acteristics of a test section with the same geometry as that of
a microheat pipe. A better arrangement from the point of view
of microheat exchangers would probably have been obtained
by placing the inlet and outlet at opposite sides of the distrib-
utor and collector channels. Preliminary computations of this
arrangement confirm this tendency. Yin et al. [15] also investi-
gated this configuration and found a significantly smaller mass
flow maldistribution.

The explanation of the pressure distribution of Figures 6 and
8 is clearly visible in Figure 10, which shows contours of the
z-velocity component in the inlet region. Figure 10b shows these
contours over several cross-sections of the distributor channel.
The z-direction is perpendicular the axis of symmetry of the
system so that Figure 10 shows the flow along the distributor
channel. The sudden change in the flow direction at the end of
the main inlet channel gives rise to a strong separation at the
beginning of the distribution channel. This reverse flow causes
a significant reduction of the distribution channel cross-section
and consequently to a high pressure drop in this region (see
Figure 6). Low pressures are associated with the region of sepa-
ration (see Figure 8a). Sufficiently far from the region of reversed
flow, the pressure is practically constant.

Figure 11 shows the contours of the x-velocity component
in the outlet region. The x-axis corresponds to the outlet chan-
nel direction. The flow pattern in the collector channel is quite
different from that in the distributor channel. This region is dom-
inated by the merging of jets exiting the triangular microchan-
nels. These jets are responsible for flow mixing in the collector
channel and for significant head losses in this region. These head
losses cannot be easily avoided because they are related to the

Mean velocity in channel [m/s

1

41 46 51
Number of channels

Figure 9 Distribution of bulk velocities in the system of microchannels for Re = 390.
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Figure 10 Contours of z velocity component for Re = 390: a) in the inlet
region, b) in cross-sections of the distributor channel.

sudden change of the section at the end of the triangular mi-
crochannels (Figure 11, left). Again, a region of separation is
found at the beginning of the main outlet channel (Figure 11,
right). This is a source of additional pressure losses. The pressure
reaches low values in the recirculation region (see Figure 8b),
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Figure 11 Contours of x velocity component in the outflow region for Re =
390.

but they are far from the saturation pressure so that cavitation
effects are not expected for this value of Re. However, cavitation
cannot be completely excluded for the highest flow rates.

CONCLUSIONS

The main purpose of the present study was to separate ge-
ometric effects from possible scale effects on hydrodynamics
in microchannels. Experimental results on the pressure losses
across a network of triangular microchannels 110 pm in hy-
draulic diameter were compared to numerical computations
based upon the classical laws of hydraulics. The numerical com-
putations were performed in two steps. In the first, the flow was
computed in a single channel where fully developed flow, en-
trance effects due to the development of boundary layers, and
local losses due to a sudden change of section were treated. In
the second part of the work, the flow was computed for the entire
system of channels corresponding to the experiments.

The main conclusion is that no scale effects are observed in
the tested system of channels for the size used in the experiments
(hydraulic diameter = 110 um). Numerical computations show
that geometric effects are responsible for the deviation from the
fully-developed solution in long channels. An analysis of the
results shows that the additional pressure losses are mainly due
to the following sources:

1. inthe collector channel, the pressure losses are caused by the
jets issuing from the microchannels. They cannot be avoided
because it is impossible to end the microchannels by slow
diverging sections owing to the lack of space between two
consecutive channels.

2. separation is present in the inlet region and the main out-
let channel. The passage from the main inlet channel to the
distribution channel should be appropriately profiled to avoid
separation. The same can be said for the outlet channel.

This research also underlines the care that must be taken
in interpreting pressure measurements during the study of mi-
crochannel flows. An estimation of the pressure drop across one
microchannel requires a careful separation of pressure variations
in the region of interest and in the parts of the system used to
connect the microchannel to an external hydraulic circuit.

Finally, it should also be stressed that the careful design of a
complex network of microchannels is necessary to avoid exces-
sive pressure losses in the system.

NOMENCLATURE
Dy hydraulic diameter, m

f Fanning friction factor (Eq.1), dimensionless
L microchannel length, m

p pressure, Pa

normalized pressure, dimensionless
Poiseuille number (=fRe), dimensionless

*

p
Po



Poyiscous  limit of Po when Re — 0, dimensionless

Re Reynolds number (= L}Ph ), dimensionless
A% average bulk velocity, m.s~!

Greek Symbols

Ap pressure drop, Pa

" dynamic viscosity, kg.m~!.s7!

o density, m3.s~!
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