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Abstract

The characteristics of a pressure-driven water flow including flow micro-structures and pressure drops are investigated in serpentine
micro-channels with miter bends. The micro-channels have rectangular cross-sections with hydraulic diameters of 0.209 mm, 0.412 mm
and 0.622 mm, respectively. To segregate the bends and entrance effects individually from the total pressure drop, for each size three
types of micro-channels: straight short, straight long and long serpentine, were fabricated to get the reliable pressure data without
entrance effect. A micron-resolution particle image velocimetry system (micro-PIV) was develop and used to obtain the detailed velocity
vector field. The experimental results show that the vortices around the outer and inner walls of the bend do not form when Re < 100.
Those vortices appear and continue to develop with increasing Re number when Re is larger than a value around 100, and the shape and
size of the vortices almost remain constant when the Re is larger than a value around 1000. The experimentally observed additional pres-
sure drop due to the bend is commensurate with the strength of the calculated vortices. The bend loss coefficient K, was observed to be
related only with the Re number when Re < 100, but with the Re number and channel size when Re > 100. It almost keeps constant and

changes in the range of £10% when the Re is larger than a threshold value somewhere in 1000-1500.

© 2007 Published by Elsevier Ltd.
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1. Introduction

In recent years, the proliferation of MEMS and micro-
fluidic devices has resulted in the use of micro-channels
in many applications including propulsion and power gen-
eration of micro-air vehicles, micro-scaled cooling systems
of electronic devices, micro-satellites, etc. [1]. Because of
the wide range of uses for micro-channels, it is important
to be able to well predict their behavior which requires a
good knowledge of flow characteristics in straight and ser-
pentine micro-channels [2-6].

Flow characteristics in circular and non-circular macro-
ducts with curved bends have been extensively studied [7,8].
However, there were limited literatures on flow characteris-
tics in the channels with miter bends [9-13]. Though the
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flow in macro-systems with bends had gained many
achievements, research on flow characteristics in micro-sys-
tems with bends just started. Recently Lee et al. [14]
researched on the gas flow in micro-channels having the
dimensions 20 x 1 x 5810 um® with bends of miter, curved
and double-turn design. They found the flow rate through
the channel with the miter bend was the lowest at a certain
inlet pressure and the largest drop was found in the miter
bend with the lowest flow rate, and the secondary flow
could develop in micro-channels, contrary to expectations.
Maharudrayya et al. [15] studied the pressure losses and
flow structures of laminar flow through serpentine channels
with miter bends by a CFD code but they did not consider
the micro-scale effect.

To evaluate the bend loss coefficient, the bend additional
pressure drop must be obtained. It can be measured by sub-
tracting the frictional pressure drop of a straight micro-
channel from the total serpentine micro-channel pressure
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Nomenclature

A area (m?)

B coefficient in Eq. (8)

dP/dX pressure gradient (Pa/m)

D diameter (mm)

f fraction factor

Japp apparent friction factor

K pressure drop defect

K, bend loss coefficient

L length of micro-channels (mm)
Ly entrance length (mm)

n refraction index

N number of miter bends

NA numerical aperature

P pressure (Pa)

0 flow rate (ml/min)

Re Reynolds number

S depth of micro-channels (mm)
u local velocity at x-direction (m/s)
U mean velocity (m/s)

w width of micro-channels (mm)
X the coordinate along the length
x" dimensionless entrance length
y the coordinate along the width
Zm measurement depth (um)

Greek symbols

A variable difference

o aspect ratio

r circulation (mm?/s)

A wavelength of light in a vacuum (pum)
u viscosity (kg/m s)

0 light collection angle

p density (kg/m?)

Subscripts

b 90° bend

c cross-section

dev developing and developed flow
exp experimental result

fd fully developed

h hydraulic diameter

io inlet and outlet

1 long straight micro-channel

p fluorescent particles

S serpentine micro-channel

sh short straight micro-channel

drop. For the past 15 years, many scientists have published
numerous papers on the relationship between the friction
factor and Re number in straight micro-channels. Some
of them found for a liquid flow an increase of the friction
factor with the Re number including Wu and Little [16],
Peng and Peterson [17], Mala and Li [18], Qu et al. [19],
and Li et al. [20]. They attributed it to surface roughness
effect or the early transition to turbulent flow (Re = 300—
500) in straight micro-channels. However, recent studies
showed general agreement with theoretical macro-scale
predictions for friction factors including Judy et al. [21],
Wu and Cheng [22], Hetsroni et al. [23], Kohl et al. [24],
Hwang and Kim [25]. They attributed the deviation from
the theoretical prediction in the previous literatures to the
size and measurement uncertainties or not count the
entrance effect [26]. Some review articles can also be found
in Koo and Kleinstreuer [27], Bayraktar and Pidugu [28],
and Hassan [29]. To secure reliable data for the straight
micro-channels, experiments for the frictional pressure
drop were also done here.

In this work, three groups of micro-channels were fabri-
cated and used. Each group has three micro-channels with
the same channel size: straight long, straight short and sin-
gle serpentine with miter bends. The straight long and
straight short micro-channels were used to achieve the reli-
able frictional pressure drop in straight micro-channels
without inlet and outlet losses, and the serpentine micro-
channels were used to obtain the bend additional pressure

drop. The main objective of this study is to achieve (1) the
bend additional pressure drop and bend loss coefficient for
serpentine micro-channels, and (2) the flow micro-struc-
tures under different Re numbers in serpentine micro-chan-
nels by using a micro-PIV system.

2. Experimental apparatus

Fig. 1 shows the photographs of three groups of the
micro-channels, schematics of the straight micro-channel
and the inlet/outlet. The micro-channels were etched in a
silicon substrate and then a Pyrex thin cover glass plate
was anodically bonded on the top of the substrate. Two
small connection tubes which can be inserted into the inlet
and outlet assembly were connected with the small reser-
voirs. Each of the serpentine micro-channels has five
straight channels with the same size and eight miter bends
as shown in Fig. 1(a). The inlet and outlet assemblies which
contain tubing diameter change, tees and elbows are illus-
trated in Fig. 1(c). Table 1 listed the dimensions of three
groups of micro-channels.

Fig. 2 shows the schematic of the experimental appara-
tus used to investigate the pressure-driven water flow in
micro-channels. It includes two Nd:YAG lasers (Contin-
uum), a timing controller (Labsmith), a CCD camera
(Cooke), a filter cube (Olympus), a 0.5x magnification
lens (Olympus), a microscope (Olympus), some optical
lenses (Edmund), a syringe infusion pump (Cole-Parmer
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Fig. 1. (a) Photograph of three groups of micro-channels; (b) schematic of the straight micro-channel; (c) schematic of inlet and outlet elbows.

Table 1

Dimensions of three groups of micro-channels

Channel group Width Depth Hydraulic diameter Dy, Total length of the micro-channels L 4 0.3 mm

No. W£2pm S+2pm (mm) Long channel L; Short channel Lg, Serpentine channel Lg
(mm) (mm) (mm)

Channel 1 213 206 0.2094 23.6 4.1 118

Channel 2 419 406 0.4124 23.5 4 117.5

Channel 3 630 615 0.6224 23.8 4.2 119

Instrument), a 60 ml syringe (Mcmaster), a micro-filter
(Swagelok), pressure transducers (Kavlico), micro-channel
test sections and computerized data acquisition system.
To measure the pressure drop, the water at flow rates
ranging from 0.1 ml/min to 70 ml/min, which can be set
on the panel of the infusion pump with an accuracy of
40.5%, was driven to the micro-channel test section. The
2 um micro-filter can remove any particles or bubbles
which may block the micro-channel before the flow enters
into the test section. Two pressure transducers with a
+0.5% FS accuracy were installed at the inlet and outlet
of the micro-channel, respectively to measure the upstream
and downstream pressure and then logged through a data
acquisition system. To measure the upstream pressure
accurately, two pressure transducers with different
measurement ranges were used. The one with a large mea-
surement range (0—100PSI) was used for smaller micro-
channels/larger flow rates, and the other one with a small
range (0—15PSI) were used for larger micro-channels/smal-

ler flow rates. The data acquisition system started record-
ing when the flow can be considered as steady state. The
test sections were placed horizontally, and all experiments
were conducted in room temperature.

Due to the relatively short length of the micro-channels
used in this work, the inlet and outlet pressure losses can
not be neglected. These pressure losses were estimated by
some empirical formulations in many previous studies,
which may not be accurate enough. To achieve the measure-
ment of accurate frictional pressure drops, two straight
micro-channels with the same channel size but different
channel lengths were fabricated. The inlet and outlet losses
are the same for both long and short channels because of the
same structure and flow conditions. Hence, the difference
between the pressure drop of the long straight micro-chan-
nel and that of the short straight micro-channel is therefore
the pressure drop without inlet and outlet losses.

After measuring the pressure drop in micro-channels,
the flow structure around the corner of the serpentine
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Fig. 2. Schematic of the experimental apparatus (water used for pressure drop experiment and water + fluorescent particles for micro-PIV experiment).

micro-channel need to be visualized. A micro-particle
image velocimetry (micro-PIV) was used where fluorescent
particles (Duke Scientific) were seeded into the de-ionized
water flow. Two Nd:YAG lasers were directed to the same
optical path by optical lenses and expanded by a beam
expander made up of a concave and a convex lens. The
0.69 um particles absorb green light (~542 nm) and emit
red light (~612 nm). The emitted light is imaged through
a 10x objectives lens (NA = 0.3) and passed to the fluores-
cent filter cube, where the green light from background
reflection is filtered out and the red fluorescence from the
sub-micron particles is passed to the 0.5x lens and
recorded on the CCD camera. To achieve this spatial reso-
lution required a volumetric particle concentration of
approximately 0.0082%. This volume fraction of seed par-
ticles is small enough to neglect any two-phase effects, and
the working fluid can be considered a single-phase fluid. In
this work, this time delay is set to be 1-15 ps for the micro-
channel flow at different Re numbers, so the particles move
approximately 1/4th of an interrogation window between
pulses. The interrogation windows measure 32 camera pix-
els square, thus the particles moves approximately 8 pixels
between laser pulses. Assume that the measured velocity is
accurate to within 1/5th of a pixel. It results in an experi-
mental uncertainty of less than +2.5% [30].

3. Data reduction and analysis

For a fully developed laminar flow in a rectangular
channel with an aspect ratio «, Shah and London [31] used
a power series for the friction factor and fitted the coeffi-
cients using their experimental data as below:

(fRe)yy = 96(1 — 1.35530 + 1.94675> — 1.70120°
+0.9564a* — 0.25372°) (1)

This empirical equation can approximate the two-dimen-
sional theoretical exact solution [32] for the fully developed

friction factor with an error less than 0.05%. Then the fric-
tional pressure drop in a channel with fully developed flow
can be written as

Apfd — (fRe)fdzALHQ (2)
2D A

However, the current micro-channels may not be long en-
ough for the flow to become fully developed under laminar
flow conditions. The flow conditions need to be verified.

For a laminar flow in a rectangular channel, the length
of the developing flow in the entrance region can be esti-
mated by the following equation given by Shah and Lon-
don [31]:

Ly = (0.06 + 0.070 — 0.04c2)ReD, (3)

Table 2 shows the minimum and maximum L4/D;, for the
flow rate range in our experiment and the L/Dj, for the cur-
rent short and long channels. It is clear that for a substan-
tial number of cases, the flows may not be fully developed
under the current experimental conditions.

For a developing flow, the pressure drop from the inlet
of the channel to a downstream location x in the entrance
region is the sum of the fully developed pressure drop and
the pressure drop defect given by the equation below [33]:

2
APy, = [(/Re)yex" + K ()] 22~ @
X

=D ()

where K(x") is the pressure drop defect given by
K(x") = [fappRe = (fRe)p)x" (6)

) 344 K(00)/(4xt)+ (fRe)yy/4—3.44/(x*)"

fappRe_4{(x+)o.5+ 1+B(x+)72 }
()

where f,,, is the apparent friction factor and Eq. (7) is
given in Kakac et al. [33]. According to White [34], the
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Table 2
Comparison of current pipe lengths with those of entrance regions

Re Lq/Dy, L/Dy, (straight short one)

L/Dy, (straight long one)

Channel 1 Channel 2 Channel 3 Channel 1 Channel 2 Channel 3
Minimum: 47 4.23
Maximum: 2268 204.12 19.58 9.70 6.74 112.7 56.98 38.24
1.8 - . - . - - where AP;, is the inlet and outlet assembly losses due to
ol ] changes in tubing diameter, tees and elbows as indicated
in Fig. 1(c). AP;, is same for both long and short channels
1.2 1 because of the same structure and flow conditions. AP,
- and AP, are the measured pressure drops for the straight
o ) short and straight long channels, respectively. Combine
084 J Eqgs. (4)—(10), the experimental friction factor that takes
2 the entrance effect into consideration is estimated by the
S 1 following equation:
0.4 4 E
AP| — APy, Dy
i ] =<———F— |K(Lh) —K(L 11
’ o = { P~ K0~ K@) T2 ()
0.0 — 4
{E-7 1E-8 1E6 1E4 1E3 001 04 1 10 100 For the serpentine micro-channels, the measure pressure

Fig. 3. Pressure drop defect K(x") vs. x*.

constant B in Eq. (7) is equal to 2.93 x 10~*. As plotted in
Fig. 3, the pressure drop defect K(x") for the current
micro-channels begins at the value of 0 for x™ = 0 and in-
creases asymptotically to the fully developed constant va-

Li—Lgh

— [K (L) = K (L)l } £ + K (L) = K (L)

drop can be expressed as

APS:AP10+APdeV(x:LS)+N'APb (12)

where AP; is the measured pressure drop for the serpentine
channel and APy, is the additional pressure drop due to the
miter bend. N is the number of miter bends. So APy, and the
bend loss coefficient, K, can be written as

AP, A AE;/;/A;I -~ HAI:}ZZA/IZ)@ — [K(L) — K(LSh)]}LLlS:LLSL +K(Ls) — K(Ll)}

2007 N

lue K(oo) which has a dependence upon the channel
aspect ratio for rectangular channels as suggested by Shah
and London [31]:

K (00) = 0.6796 + 1.2197a + 3.30894% — 9.5921¢°

+8.9089* — 2.99590° (8)
Eq. (8) determines the fully developed K(oo) for a rectangu-
lar channel with an uncertainty of 0.04%.

The pressure drop for the straight short, AP, and
straight long channel, AP;, can be expressed as

APsh = APio + APdev(x = Lsh) (9)
AP] :AP10+APdeV(x:L1) (10)

According to the error propagation analysis, the uncer-
tainty range of the bend loss coefficient can be calculated
to be £12.3% to £16.1%.

4. Micro-PIV system validation

To validate the micro-PIV system, the velocity field is
initially obtained at room temperature in the channel 1 at
low Re numbers. The time delay between consecutive
frames is 5 ms. An interrogation window of 32 x 32 pixels
and a grid size of 16 x 16 pixels are used. The analytical
solution for the velocity profile at the PIV measurement
depth can be formulated as
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y o2\
W_W<E>
> (=1)* cosh [(2k+1)Z2]
2 (2k +1)* cosh [(2k + 1) 2]

2]

(15)

where dP/dx is the pressure gradient, W and S are the
width and depth of the micro-channel, respectively. The
depth of field z,, is described by Meinhart et al. [35] as

3ni.  2.16D,
=t ang T D0 (16)

where 7 is the index of refraction of the immersion medium
between the micro-fluidic device and the objective lens, A is
the wavelength of light in a vacuum, NA is the numerical
aperture of the objective lens, D, is the diameter of the
PIV particle and 0 is the small light collection angle. In
our case, n was 1, 4 was 612nm, NA was 0.3, d was
0.69 um and tan6 was 0.31. Therefore, the depth of field
was calculated to be 26.06 um. Fig. 4 shows the measure-
ments of micro-PIV in the micro-channel of 0.209 mm
and comparison with the theoretical profile computed from
Eq. (15).

—= 129 mmfs

O PIV Data
— Analytical Soluhon

o

0 02 04 05 08 1 12 14 16 18
u (mm/s)

Fig. 4. Micro-PIV results for low speed flow. (a) Velocity vectors (113

pairs of images were ensemble-averaged). (b) Comparison with the

theoretical profile (Re = 0.3).

5. Experimental results
5.1. Flow structures around the miter bend

Fig. 5 shows typical velocity vectors field generated by
the micro-PIV system. The focus of the flow field in
Fig. 5 is the effects of the 90° turning on the flow micro-
structures around the miter bend in the serpentine micro-
channel at Re = 500. We note that the main stream velocity
increases while the flow is rounding the corner. It is also
apparent that micro-structures of flow recirculation have
formed around the outer corner and immediately after
the inner corner (flow separation). A detailed visualization
and discussion on the onset and development of induced
vortices around the outer and inner corners with the Re
number are given below. Fig. 6(a)—(e) shows the enlarged
velocity fields at the outer corner for the Reynolds numbers
ranging from 100 to 1500. Fig. 6(f)—(j) shows the enlarged
velocity fields at the inner corner for the same Reynolds
numbers. Fig. 7 shows the corresponding streamlines com-
puted from the experimental velocity vectors. For the
induced micro-flow structures at the outer corner, there is
basically no recirculation for Re = 100 and only some fluc-
tuations in the flow adjacent to the wall due to the wall
roughness are captured by the PIV. At Re =300, a very
small vortex located at (x = 0.2 mm, y = 0.95 mm) is seen,
but its circulatory motion is not fully developed. It is clear
that at Re = 500, the recirculation vortex is fully developed
and located at (x=0.3mm, y=1.07 mm). As the Rey-
nolds number is further increased to 1000 (Fig. 6(d)) and
then to 1500 (Fig. 6(e)), the locations of recirculation vor-
tices stay at the same point and only the size and strength
are increased with the Reynolds number.

For flow structures near the inner corner, the micro-flow
structures that form due the flow separation always start
right after the sharp edge as the flow separates. Again,
there is basically no separation vortex for Re = 100.
The separation vortex is very clear for Re = 300. As the

[ Outer Wall Vortex

Inner Wall Vortex

0 '02 04 06 08 1 12 14 186 18
x[mm]

Fig. 5. Typical velocity vectors in the serpentine micro-channel at
Re = 500.
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Fig. 6. Flow structure at the outer wall for (a) Re = 100; (b) Re = 300; (c) Re = 500; (d) Re = 1000; (e) Re = 1500 and at the inner wall for (f) Re = 100; (g)

Re =300; (h) Re = 500; (i) Re = 1000; (j) Re = 1500.

Reynolds number is further increased, the size and strength
of the separation vortex are also increased accordingly.
However, the growth of the vortex seems saturated after
Re = 1000 as there is no significant difference in the size
between Re = 1000 and Re = 1500 but the strength contin-
ues to increase as discussed later. For Re = 1000, the inner
corner vortex approximately occupies 20% of the width of
the channel in the downstream of the bend.

5.2. Pressure drop

Fig. 8 shows the measured bend pressure drops due to
the 90° turn in the serpentine micro-channel as a function

of the Reynolds number for three different channel sizes.
When Re <100, the bend pressure drops are very small
and negligible for all of the channels. While as Re > 100,
the bend pressure drops increase exponentially with the
Reynolds number. This result is consistent with the find-
ings of the above experimental visualization of flow struc-
tures. When Re <100, there is no flow separation and
recirculation. The way the flow passes the bend is similar
to that for the flow passing through the straight channel,
so the bend additional pressure drop is very small. When
Re > 100, the recirculation appears and develops along
the channel, so the pressure drop due to the bend increases.
From Fig. 8, the additional pressure drop due to bending
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Fig. 6 (continued)

of the micro-channel with hydraulic diameter 0.209 mm is
around 53 kPa when the Re number reaches around 850,
which is approximately equal to the frictional pressure
drop of the same size straight micro-channel with
23.7 mm length, 101% of the current total length. Hence,
the additional pressure drop due to the miter bend is also
a substantial source of the micro-channel pressure drop,
especially for small size and short length micro-channels.

In order to further substantiate the relatively large bend
pressure drops, we calculated the circulation, I', for every
induced vortex from the velocity field given in Fig. 6. The
circulation, I', that is the strength of the vortex is defined as

I = (V x V)-dd (17)
/]

The results of the calculated vortex circulation are given in
Table 3. In general, the outer vortices are three to six times
stronger than the inner vortices. Fig. 9 shows the total vor-
tex circulations as a function of the Reynolds number. The
total circulation is the sum of the absolute values of the in-
ner and outer vortices. The similar trends between the total
vortex circulation (Fig. 9) and the bend pressure drop
(Fig. 8) serve to confirm the measured data.

Since the maximum Re number produced by our pump
was only around 850 for channel 1, therefore, the bend loss
coefficient range is limited. Here the bend loss coefficients
for all three channels are evaluated by using Eq. (14) and
shown in Fig. 10. The horizontal solid line represents the
miter bend loss coefficient of 1.1 which is reported by Stre-
eter [36] for macro-scale turbulent flow applications. From
Fig. 10, we can see that bend loss coefficients of the micro-
channels are all larger than 1.1. It is a similar conclusion to
that of Yamashita et al. [10], who also reported the bend
loss coefficient in the laminar flow region is larger than that
in the turbulent region. It decreases with increasing Re
number, which is also different from the trend in the turbu-
lent flow. For a macro-channel turbulent flow at a larger
Re number, K, almost does not change with the Re num-
ber. When the Re is larger than some value between 1300
and 1500, K, almost keeps constant and changes in the
range of £10%. A size effect on K, is also observed. It is
larger for smaller channel when there is flow separation,
namely Re > 100-200. After considering the measurement
uncertainty, these three curves still have some differences.

6. Summary

The investigation of a pressure-driven water flow in ser-
pentine micro-channels with miter bends was conducted
experimentally. The micro-channels have rectangular
cross-sections with hydraulic diameters of 0.209 mm,
0.412 mm and 0.622 mm, respectively. The main objective
is to research on the bend effect on the pressure drop and
flow structure in micro-scale, other parameters are not con-
sidered such as surface roughness, wettability, etc. The fol-
lowing conclusions were obtained:

(1) The flow micro-structures around the bend of a ser-
pentine micro-channel can be divided into three catego-
ries depending on the flow Reynolds number. When
Re < 100, there is no induced flow recirculation and flow
separation. When Re > 100, vortices and flow separa-
tion appear and further develop. The outer corner
vortex develops along the wall of the channel, and the
vortex center moves slightly from the upper stream to
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Fig. 10. Bend loss coefficients vs. Re number in serpentine micro-
channels.

(2) In serpentine micro-channels, the additional pressure
drop due to miter bends can be divided into two groups.
The first group is for Re < 100 where there is no eddies
and the additional pressure drop is very small for all of
the channels. The other group is for flows with the Rey-
nolds numbers exceeding the threshold value that is in
the range of 100-300. When the Reynolds is higher than
the threshold value, we found the flow separation and
formation of vortices that appear on the inner and outer
wall around the miter bend. These vortices increase in
strength with increasing Re number that causes the bend
pressure drop to increase sharply with the Re number.
The experimental results also show the bend pressure
drop increases with decreasing hydraulic diameters.
Bend loss coefficient Ky, is a function of the Re number
only when Re <100, a function of the Re number and
channel size when Re > 100, and almost keeps constant
and changes in the range of £10% when Re is larger

than some value in 1000-1500. A major finding is that
the Ky is different from the value 1.1 used for the
macro-channels in engineering applications. The trend
of the experimental pressure drop is consistent with
the flow structure change.
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