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Resumo: The use of bifurcated microchannel flow passages is becoming more common in a number of industrial
applications including bioengineering and oil industry. Flow behavior in geometries with small diameter passages is
well documented and often relied upon in a practical system. The present work focuses on the flow of single-phase
liquids in bifurcated microchannel passages. The compressibility effects, slip boundary condition, and the rarefied flow
concerns do not apply for these single-phase liquid flows in microchannels. For the present work, it is assumed that the
continuum assumption is valid for microchannels larger than 1.0 um in hydraulic diameter, however, when considering
pressure drop in a microchannel flow it is required to consider its explicit dependence on the hydraulic resistance. The
present work evaluates pressure drop for single phase liquid flows in rectangular bifurcated microchannels, taking
into account the explicit dependence on the hydraulic resistance. Hydraulic diameter and pressure drop estimation for
the bifurcated microchannels are in agreement with the experimental results obtained. It is concluded that the
conventional Stokes and Poiseuille flow theories apply for single-phase liquid flow in microchannel.
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1. INTRODUCAO

The use of microchannel flow of a fluid confined in a microchannel is becoming more common in a number of
industrial applications. Understanding the associated phenomena in order to improve the heat transfer and mass transfer
coefficients has motivated the proposal of many techniques, such as extended surfaces, treated surfaces, mechanical
aids, and flow devices from the small diameter passages. Recent literature documents well the techniques, and often
relied upon in a practical system. (Zhang, 2015, 2016, Attalla et alli 2016, Barisik and Beskok 2016, Heshmati and
Erturk 2016, Liakopoulos, et al., 2016, Manay e Sahin, 2016)

Therefore, it is important to predict flowing properties of a confined fluid in a microchannel. Molecular dynamic
simulation (MDS) has been used to analyze velocity profiles and the influence of the wall, allowing to predict shear
stress and thus, determine pressure drop occurring in a microchannels.

Fluid mechanics regimen has been reinvestigated by the scientific community in order to better understand the
behavior of the fluid near the wall in the new dimensions. Steinke et al (2005).

Bridges between the classical theory and the theory at different scales has been a real challenge for engineers and
also for the scientific community. For the present work, it will be assumed that the continuum assumption is valid for
microchannels larger than 1.0 um in hydraulic diameter.

The present work focuses on the flow of single-phase liquids in microchannel passages. The compressibility effects,
slip boundary condition, and the rarefied flow concerns do not apply for these single-phase liquid flows in
microchannels. For the present work, it will be assumed that the continuum assumption is valid for microchannels larger
than 1.0 um in hydraulic diameter.
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2. PRESSURE DROP
2.1. Friction factor Fundamentals

According to Steinke and Kandlikar (2005), the starting point in the theoretical discussion will be the definition of
friction factor, f. One complication for determining the friction factor is the two different definitions for f, Darcy and
Fanning. The Fanning definition of friction factor will be utilized, as in Kandlikar at alli (2005), because it is more
convenient when performing adiabatic experiments. It takes the same form of the Colburn j factor equation. Therefore,
a link between the heat transfer performance and the pressure drop performance is made through the f and j factors. The
Fanning friction factor is defined as the ratio of the wall shear stress to the flow kinetic energy per unit volume and is
found using Eq. (1).
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where f is the Fanning friction factor, T is the wall shear stress, p is the fluid density, and V is the average velocity. The
friction factor in terms of the pressure drop and mass flux is given by Eq.(2). In considering the pressure drop of a flow
confined to a microchannel it is necessary to consider its dependence on the hydraulic resistance. Eq. (2), takes into
account the explicit dependency of the hydraulic resistance on the pressure gradient, by definition, (Steinke and
Kandlikar, 2005),

f=

f _pApDh

= 2
2LG? @

where Ap is the pressure drop, Dy is the hydraulic diameter, L is the passage length, and G is the mass flux.
The Poiseuille number is a function of aspect ratio for a rectangular passage. It can be determined using Eqg. (3)
from Shah and London (1978).

f Re = 24(1.3553aC +1.9467ac? —1.7012a¢° +0.9564aC) | ®

where ac is the channel aspect ratio. One constraint for this equation is that the aspect ratio must be less than one. If the
channel aspect ratio is greater than 1.0, the inverse is taken to use with Eqg. (3).

The turbulent regime has several possible correlations to choose from. Blasius for the smooth round tube
correlation is shown in Eq. (4). Steinke and Kandlikar (2005).

~0.0791
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This correlation is valid for the range of 2, 100 < Re < 105 and for e/D ratios < 1x10—6.The pioneering work of
Nikuradse (1933) varied the roughness of pipes using sand adhered to the walls using a lacquer. He determined the
dependence of friction factor upon a nondimensional wall roughness as seen in Eq. (5).

1 :3.48—1.737In(%j , (5)
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for e/D ratios > 1x10-6, the friction factor can also be determined by using the implicit Colebrook (1938-1939)
equation shown in Eq. (6).

1 :3.48—1.737In(3+ 9.35 J ©)
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According to Steinke and Kandlikar (2005) correlation is widely accepted as the basis for the turbulent region in the
Moody (1944) diagram. The property ratio method for viscosity given in Kakac et al. (1987) is given in Eq. (7)
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where fe, is the constant property friction factor, f is the property corrected friction factor, b is the viscosity of the fluid
calculated at the bulk fluid temperature, xw is the viscosity of the fluid calculated at the wall temperature, and m=—0.58
for laminar heating in a fully developed, circular duct.
2.2. Hydrodynamically developing flow

The hydrodynamically developing flow can become quite important in microchannels. Steinke and Kandlikar

(2005). Due to the often short lengths, the developing flow could dominate the entire flow length of the microchannel.
First, the definition of a non-dimensional flow distance is defined in Eq. (8).

DHRE (8)

where X + is the non-dimensional flow distance and x is the axial flow direction location. It is commonly accepted that
for a value of x+ = 0.05, the flow can be considered fully developed. When considering the developing flows, the
pressure drop is now related to an apparent friction factor and is seen in Eq. (11), Kakagc et al. (1987).
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where fapp is the apparent friction factor, u is the viscosity, and x is the axial location of interest. If the entire length of
the microchannel is considered, the x term can be the microchannel length. According to Steinke and Kandlikar (2005)
the apparent friction factor consists of two components. The first is the friction factor from the theory for the fully
developed flow and the second is the pressure defect (a.k.a. Hagenbach factor) as given by Eq. (12).
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where « is the Hagenbach factor given by Eq (13)

4
k(x) = (fapp — frn) D_xh (13)

The Hagenbach factor will begin at a value of 0 and increase to some fully developed constant value k(). Hagenbach
factor has a dependence upon channel aspect ratio for rectangular channels. Eq. (14), with an accuracy of 0.04%,
determines the fully developed Hagenbach factor for a rectangular channel.

k(co) = (0.6796 + 1.2197 a, ' + 3.3089 @, — 95921 @ + 8.9089 @, * —2.9950 @, ° ) (14)

2.3. Pressure drop measurements in microchannel flows

According to Steinke and Kandlikar (2005) there are several issues that need to be addressed when performing
pressure drop measurements in microchannel flows. Generally, there are three main components that contribute to the
overall pressure drop. The inlet and exit losses need to be quantified for the microchannel. The hydrodynamic
developing length needs to be carefully evaluated. Finally, the remaining length will have the fully developed frictional
loss.

In fact, in a flow gradient of zero pressure, i.e., loss of constant load, the flow will also be constant. This result is in
accordance with the law of Hagen- Poiseulle, Equations 8 and 9.

Ap
Ruan (AP) = ——— (8)
it ( p) Qmass (Ap)



IX Congresso Nacional de Engenharia Mecanica, 21 a 25 de agosto de 2016, Fortaleza - Ceara

1
Ap =Rygn Q= G—Q ©)
hidrl

where Rhidrl e Ghidrl are proportionality factors known to hydraulic conductance and resistance, respectively. The
Hagen -Poiseuille law is analogous to Ohm's law ( DV = RI) , relating to electric current | with the electrical resistance
R and DV potential difference . The electrical analogy will be used later for the pressure loss calculation in the flow.

The microdevice studied was a separation device as shown in Figure 1, the entrance has 10.30mm length, 400 um
width and depth of 50 um, with a lager junction with geometry length of 9.0mm , a width of 400 um and depth of 50
um and the thinner channel 9.0mm long, width of 100 um and 50 um depth . Input flow value was 0.017mL.

10 € 6 -4 =2 0 2 4 6 8 10
Figure 1: Microdevice with bifurcation.

The values of hydraulic resistance, hydraulic diameter, velocity and Reynolds number obtained through an analogy
with the circuit are shown in Table 1.

Table 1. hydraulic resistance , hydraulic diameter, velocity and Reynolds number for the studied microchannel.

] width lenght hight . RHidrod. \
Microchannel (um) (mm) (um) Q (ml/min) Dy (um) (Pa.s/m?) (m/s) Re
In 400 10,30 50 0,0166 88,89 2.39.1012 0,0139 1,232
Out larger 400 9,0 50 0,0146 88,89 2.08.1012 0,0121 1,072
Out thiner 100 9,0 50 0,0020 66,67 1.12.10%3 0,0068 0,452

The phenomenon of influence of the pressure gradient in determining the hydraulic resistance is critical to the
microchannel design.

Likewise, the electrical resistance is related to the dissipation of energy by Joule effect, the hydraulic resistance due
to the viscous dissipation of mechanical energy resulting from friction of the fluid.

The behavior of the energy dissipation due to viscous effects in the Poiseuille flow is analogous to the behavior of
the electric power consumed by the Joule effect, so the electrical analogy introduced as appropriate tool for estimating
the fluid resistance.
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3. MICROCHANNELS OF CONSTANT RECTANGULAR CROSS SECTION

To ensure that the law of the bifurcation is applied, the hydraulic diameter of the outlet channels may not be equal.
Thus, 3 different widths to output channels have been proposed, 80um and 100um 200um. Figure 2 shows the projected
separator microdevice : the separator microdevice 1 with input 400um wide and one of equal diameter outlet channels
(bifurcation most left side) and the other output channel 80um (split lower right side), the separator microdevice 2 with
input 400um wide and one of equal diameter outlet channels (bifurcation most left side) and the other output channel
100um (split lower right side), the separator microdevice 3 with 400um wide input and a of equal diameter outlet
channels ( bifurcation most left side) and the other 200pum output channel with equal time among all of 50um ( split
lower right side).

Figure 2. Separation Microdevice Proposed In This Paper

Table 2 summarizes analyzed and manufactured microfluidic geometries shown in Figure 3.4, such as length, width
and height of 50um. These geometries are different because we attempted to see if could even equal lengths and
different widths, applying the law of the fork, resulting in non- utilization of Separation Microdevice 1 and 3 for the
study.

Table 3 : Width fixed for microdevices shown in Figure 2, with the fixed length and calculated by hydraulic resistance ,
with a height of 50pm .

Manufactured
Analised
WIDTH LENGHT LENGHT
(um) (mm) (mm)
microsseparators
In Bif. larger Bif. smaller In Bif. larger  Bif. smaller In Bif. larger Bif. smaller
Micr. 1-200um 400 400 200 10,3 9,0 22,0 10,3 9,0 9,0

Micr. 2 -100um 400 400 100 10,3 9,0 9,0 10,3 9,0 9,0
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Micr. 3 - 80um 400 400 80 10,3 9,0 6,4 10,3 9,0 9,0

In Table 3, we can see that the ratio of the flow rates of microdevices analyzed by analogy as electric circuit, has reason
above, thus fulfilling the law of bifurcation , since the microdevices presented in Table 4 which were manufactured with
the same fork lengths , only microdevices 2 shows a satisfactory ratio between the flow of outgoing junctions , as this
may only be used in the present study .

Table 4: Expected values for length, diameter hydraulic, fluid resistance, flow, width and height of 50um, for the
analyzed microdevices, shown in Figure 2.

Microdevi Dh (um) Rhidr (kg/m?.s) Flow rate(ml/min) Velocity (m/s) Re
ces
In Bif. Bif. In Bif. Bif. In Bif. Bif. In Bif. Bif. In  Bif. Bif.
Maior Menor Maior Menor Maior Menor Maior Menor Maior Menor|

Micr. 1 - 88,8 88,89 66,6 2,39.10* 2,08.10* 1,12.10! 0,01 0,01 0,02 0,013 0,01 0,00 1,2 1,0 0,2
200um 9 7 2 2 3 7 4 9 2 4 3 6 7
Micr. 2 - 88,8 88,8 66,6 2,39.10* 2,08.10* 1,12.10* 0,01 0,01 0,00 0,013 0,01 0,00 1,2 1,0 0,2
100um 9 9 7 2 2 9 7 4 2 9 2 7 3 6 7

Micr. 3 - 88,8 888 666 2,39.10 20810 1,12.220 0,01 0,01 0,00 0,013 001 000 12 10 0,2
80um 9 9 7 12 12 3 7 5 2 9 3 4 3 6 7

Table 5: Values width , length, diameter hydraulic , hydraulic resistance , flow and height of 50um to
microdevices manufactured , shown in Figure 3.4.

Microssepara Diametro hidraulico Resisténcia ~ . .
dores (um) hidraulica (kg/m?.s) Vazdo (ml/min) Velocidade (m/s) Re
Entra Bif. Bif. Entrada Bif. Bif. Entra Bif. Bif. Entra Bif. Bif. Entra Bif. Bif.
da Mai  Men Maior Menor da Mai  men da Mai  Men da Mai  Men
or or or or or or or or
Micr. 1 - 88,8 88, 66, 2,39.1 2,08.1 4,56.1 0,01 0,0 0,0 0,01 0,0 0,0 1,23 0,7 0,5
200um 9 89 67 012 012 012 7 08 08 39 09 08 9 3
Micr. 2 - 88,8 88, 66, 2,39.1 2,08.1 1,121 0,01 0,0 0,0 0,01 0,0 0,0 1,23 1,0 0,2
100um 9 89 67 012 012 013 7 14 02 39 12 07 6 7
Micr. 3 - 88,8 88, 66, 2,39.1 2,081 1,571 0,01 0,0 0,0 0,01 0,0 0,0 1,23 1,1 0,4
80um 9 89 67 012 012 03 7 02 14 39 13 06 5 0

Given the proposed geometry, the hydraulic diameter was calculated and established an inlet flow value of
0.017ml/min, the length of the input channel and one output channel through the hydraulic resistance of each of the
microdevice was calculated optimum length of the smaller hydraulic diameter exit channel (Table 3).

It was then offered a 10.30mm microdevices with an input length and an output length equal bifurcations in both
9mm and three different widths (Table 2). As can be seen in Table 3, the flow between the output channels of 200pum
and 80um are not in accordance with the law of bifurcation, and thus rendered useless for the study because its flow in
the smallest channel is equal to the largest channel or higher confirming so that its length would have to be
differentiated. Based on the calculations presented in Table 3.3, the microdevices having the law of the fork and with
different hydraulic diameters and hydraulic resistance values of microdevices 2, which has input 10.30mm and 400um
wide, 9mm one of outputs and 400 mm in width and lower output value 9mm in length and 100pm in width with a
height of 50um homogeneously throughout the microdevices.
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4. EXPERIMENTAL RESULTS FOR PRESSURE DISTRIBUITIONS

The Figure 3 presents the pressure distribution calculated for the points within the microchannels.
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Figure 3. Results for pressure drop calculation obtained with the proposed model..
5. NUMERICAL RESULTS FOR PRESSURE DISTRIBUITIONS

Simulations in finite difference method and through the commercial code were made for determine velocity profiles and
pressure gradients.

0.002 (m)

Figure 4: Velocity profile
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Figure 5: Velocity profile

Figure 6: Velocity profile
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6. CONCLUSIONS

The present work shows that classical theory for pressure drop calculations for flow of single-phase liquids in
channel passages cam be used to predict similar geometries in microchannels. The compressibility effects, slip
boundary condition, and the rarefied flow concerns do not apply for these single-phase liquid flows in microchannels.
For the present work, it was assumed that the continuum assumption is valid for microchannels larger than 1.0 pm in
hydraulic diameter, and is was proved to be reasonable.
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