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ABSTRACT 
 

 The major challenges of Lab-On-Chip technology include cost-effective pumping, 

function integration, multiple detection, and system miniaturization.  In this paper, we propose a 

novel and simple micro streaming-based fluid propulsion technology that has the potentials to 

address some of the challenging topics. The phenomenon of flow streaming can be found in 

zero-mean velocity oscillating flows for a wide range of channel geometries. Although there is 

no net flow (zero-mean velocity) across a channel cross section, the discrepancy in velocity 

profiles between the forward flow and backward flow causes fluid particles near the walls to drift 

toward one direction, while particles near the centerline drift to the other direction. The unique 

characteristics of flow streaming provide opportunities to transport, mix, separate and distribute 

particles entrained in flows. 

   In this study, we investigate the phenomena of flow streaming in a network of 

symmetrical bifurcations using computer simulations.  Dimensional analysis is first conducted.  

Results of streaming flow Reynolds number (Re) are presented as a function of Womerseley 

number and dimensionless oscillation amplitude. Computer simulation provides further insights 

of flow streaming phenomena. Results show that the oscillation amplitude has dominant effects 

on streaming velocity, which is is directly proportional to the oscillation frequency.  Streaming 

flow can be an effective convective mass transport method when the Schmidt number is less than 

one.  

 

 



INTRODUCTION 

With technological advancements in micro-electromechanical systems (MEMS) and 

semiconductor micro-fabrication methods, along with the influx of genomic and proteomic data, 

microfluidic devices will continue to provide superior benefits in many fields including 

pharmaceuticals, biotechnology, life sciences, defense, public health, and food/agriculture. A 

true Lab-on-Chip (LOC) device needs to perform various testing functions on a single chip, 

including sampling, sample pre-treatment (filtration, concentration, mixing, reaction, separation, 

etc.) and detection [1].  The LOCs are low-cost, fast, portable and ideally free of human errors.  

Due to micro-scale dimensions, these devices consume an extremely low volume of sample 

material and reagents, drastically reducing sample size and processing time. The entire test 

procedure will be completed on a chip without human intervention.  Experimental and analytical 

protocols developed in software, are translated into chip architectures consisting of inter-

connected fluid reservoirs and pathways.  Micro-fluids, the fluids flowing in micro-channels, 

make LOC designs possible.  

The past few decades have witnessed a marked increase in research efforts on development 

of various novel microfluidics devices [1-11]. The major challenges of Lab-On-Chip technology 

include cost-effective pumping, function integration, multiple detection, and system 

miniaturization. While there are hundreds of papers describing many novel strategies of driving 

fluid through micro-channels, the two most common are electrokinetic-driven and pressure-

driven flows, at the present time. Pressure-driven flow is the dominant flow type in macro-scale 

devices and has applications in microsystems technology as well.  An advantage of pressure 

driven flow is that both charged and uncharged molecules, as well as cells, can be moved without 

separation. Typical micro-pumps used in pressure-driven flows are diaphragm pumps equipped 

with either check-valves or a pair of diffuser/nozzles [12].  

Mixing two or more fluids quickly is also one key function in many biomedical testing 

routings. Rapid mixing is a challenge for micro-devices because flow is considered to be 

laminar.  Micro channel cooling faces the same challenge: small dimensions lead to a low Re 

number and thus laminar heat transfer, which is usually associated with low heat transfer 

coefficients. Laminar flow has smooth streamlines and its mechanisms of shear, mass and heat 

transfer owe entirely to the fluid molecular viscosity and diffusivities. Based on the 1-D Einstein 

equation of Brownian diffusion, Dxt 2/
2

=  where t is the time, x is the distance and D is the 



diffusivity,  it will take molecules a short time to diffuse a short distance,  while it will take 100 

times longer to diffuse a distance only 10 times as great.  In those cases, it becomes necessary to 

induce the flow disturbances for the enhancement of transport processes. 

In this study, we investigate a streaming flow-based micro fluid propulsion technique that 

may have potential to address some of the aforementioned problems. 

  

RESEARCH APPROACHES 

Mechanisms of Flow Streaming in Bifurcation   

The mechanisms of flow streaming in a bifurcating channel are illustrated in Figure 1. It 

shows a qualitative picture of the axial velocity profiles of a Newtonian fluid in a macro-channel 

bifurcation tube based on the work of [13].  During the inflow (to the right), the parabolic 

velocity profile in the mother tube is split in half at the location of when entering the 

daughter tubes, resulting in a nonsymmetrical profile with the maximum velocity skewed to the 

inner wall of the daughter tubes.  During the backflow (to the left), two fully developed, 

parabolic flow profiles in the daughter tubes merge at the center of the bifurcation and result in 

an 

maxU

ε -shaped symmetrical profile in the mother tube with a zero velocity at the center. A 

discrepancy in velocity profiles between inflow and backflow causes fluid elements near the 

walls to drift toward the mother tube (negative drift) while fluids near the centerline drift to the 

daughter tubes (positive drift). We hypothesize that this unique phenomenon of flow streaming 

can be used for fluid propulsion in micro fluidic devices. 

 One of the successful applications of flow streaming is the High-Frequency-Ventilation 

(HFV) technique used in emergency rooms of hospitals. In contrast to conventional ventilation, 

which mimics normal breathing, HFV operates with tidal volume much smaller than the 

anatomic dead space (or with a very small oscillation amplitude) of the lungs at a higher rate of 

breath. The successive bifurcation networks coupled with the tapered lung airways geometry 

promote two way  fluid streaming within the entire human lungs. 22 / COO

We also hypothesize that the oscillation flow will provide unique opportunity for micro fluid 

mixing. Bifurcation channel network is an ideal configuration for parallel processing of multiple 

detections. There are two major types of micro-mixers, active and chaotic, reported in the 

literature [15-17]. Streaming-based mixers may inherit features of both mixers. Oscillations with 



variable intensity should effectively dismantle the layered flow structure and provide enormous 

sources of chaotic advection, making it a unique and inherently high-efficient micro mixer 

design. The parallel processing can be achieved by a stream-based micro array technique. A 

multi-generation and multi-channel microfluidic structure can be designed. The number of 

bifurcating generations as well as the number of channels per generation may vary accordingly in 

a wide range. Human lungs offer a perfect example of streaming-based micro array technique: 

millions of  gas exchange processes occur simultaneously at the alveolar level with all 

the gases ventilated through the mouth at different directions. Various tree branch structures are 

other examples of natural selection. 

22 / COO

The mechanisms of flow streaming we study are different from those of acoustic streaming. 

Acoustic flow streaming originates from attenuation of the acoustic field.  The attenuation 

spatially reduces the vibrating amplitude of the acoustic wave and hence generates Reynolds 

stress distributions and drives the flow to form the acoustic streaming. Acoustic streaming occurs 

in most geometries when an acoustic field exists, while the streaming flows we study are induced 

by the pressure-driven asymmetrical oscillating flows. In addition, oscillating parameters are 

quite different. In most cases, the acoustic vibration has much higher frequency (>100 kHz vs. 

<0.1 kHz) and much smaller amplitude (< 0.1 mm vs. > 0.1 mm). 

 

Dimensional Analysis 

There are six major independent variables that characterize a streaming process, e.g., 

oscillation amplitude A, oscillation frequency , fluid kinematics viscosity f ν , mother channel 

width r, fluid streaming velocity V,  and one or more geometry variables.  The geometry 

variables could be the length of the mother or daughter channels L, the daughter channel width 

, the aspect ratio of the channel to width L/r, the bifurcation angle or the slope of the tapered 

channel, and others.  There is a wide range of variations among these geometry variables. 

Considerable amount of work is needed to identify effects of these variables. They are not the 

focus of this study.  It is also assumed that the fluid is in a single phase, surface tension and other 

surface forces are neglected.   Using dimensional analysis, these six variables can be combined 

to yield four chosen non-dimensional groups; = function (Womerseley number, non-

dimensional oscillation amplitude, and non-dimensional geometry factor), where  is the 

1r

stRe

stRe



streaming flow Reynolds number or non-dimensional streaming velocity, defined as Vr/ν ; the 

Womerseley number α  is a non-dimensional oscillation frequency, defined as 

; and the non-dimensional oscillation amplitude is defined as A/r. ( ) 2/1/2 νπα fr=

 

Computer Simulations 

Haselton and Scherer [13] first conducted the photographic steady streaming oscillating flow 

visualization experiments in a macro-scale (2m in length and 3.5 cm inside diameter) Y-shape 

tube model. The results of axial-streaming displacement as a function of the number of elapsed 

cycles were reported. Computer simulation of flow streaming in a Y-channel was conducted by 

Zhang et al. 2008 [19]. No other experimental work or computer simulations of flow streaming 

in a bifurcation network were reported in the literature based on our knowledge. In this study, we 

conduct computer simulations of streaming flow in multi-generation micro bifurcation channels 

using Fluent v.6.2 CFD software (ANSYS, Inc.). Computer simulations are a necessary tool to 

provide the dynamics distribution patterns of mass concentration in micro channels and to isolate 

the effect of molecular diffusion from flow streaming in particular.  These simulations are 

essential in understanding the phenomena of flow streaming but not yet possible to obtain 

experimentally using current experimental technologies.  

The configuration of the bifurcation model used in the computer simulation is shown in 

Figure 2.   The 2-D symmetrical bifurcation channel network consists of four generations and 

fifteen tubes.  All channels have the length of 1 mm except the 1.5 mm length for the mother 

channel.  The width of the mother tube is 1 mm and it decreases by one-half at each generation.  

Therefore, the mean oscillation velocities of the fluid are the same, to facilitate a fair 

comparison. After three bifurcations, the width of the tube at the fourth generation becomes 125 

micrometers. The bifurcating angle is 60 degrees for all bifurcations.   

The fluid is modeled as incompressible Newtonian fluid. Two-dimensional flows are 

simulated for the sake of simplicity. Their motion is governed by the Navier-Stokes (N-S) 

equations and the continuity equation. For a detailed numerical scheme, please refer to the Fluent 

v.6.2 user manual. The flows are considered to be strictly laminar.  Convective mass 

concentration equations are numerically solved simultaneously with the N-S equations. The mass 

diffusivity of fluids is set to be zero, so that the resultant mass concentration patterns are purely 

created by the effects of fluid convection. Mass concentration of the fluid inside the channel 



network is zero initially.  At t > 0, fluids, with identical thermal properties but a high mass 

concentration, flow into the mother channel. A time dependent parabolic inlet velocity profile, in 

which the center velocity is defined as cU ( )ftUUc π2sinmax= , is applied at the inlet of the 

mother tube. Zero-gradient velocity boundary conditions are applied at the outlet of eight 

daughter channels.  Zero-flux mass concentration boundary conditions are applied on the walls. 

Since there is no mass diffusion in the fluid flow, the unsteady mass concentration patterns 

mimic the patterns of fluid streak line patterns, displaying the vivid picture of flow streaming.   

Since wall shear stress is susceptible to grid size, the total friction loss is used as the bench 

mark for grid converging tests. It is the numerical integration of wall shear stress over the entire 

channel networks and over an oscillation cycle at oscillation frequency f = 10 Hz and amplitude 

A/r = 0.8.  Three cases of grid size and time steps were examined.  These included: A. grid size 

40 x 100, 8 time steps per oscillation cycle; B. grid size 80 x 200, 8 time steps per oscillation 

cycle; and C. grid size 160x400, 16 time steps per oscillation cycle.  The differences in the 

calculated total friction loss between grid size A and B is 8.5% and between size B and C is 

2.5%, respectively.  As a compromise between computational accuracy and the CPU time, a grid 

size of 80 x 200, 8 time steps per oscillation cycle are used in all simulations. Since there is no 

experimental data of oscillating velocity profiles in bifurcation network available in the 

literature, the numerical scheme is validated using analytical methods.  Computer simulation of a 

straight long pipe flow due to an oscillating pressure gradient at the oscillation frequency of f = 6 

Hz and r = 1 mm was conducted.  Velocity profiles were then compared with the analytical 

solution. The maximum differences in velocity values between the computer simulation and 

analytical solution is less than 2.7%. 

 

RESULTS AND DISCUSSION 

 Quantitative research results on flow streaming in bifurcating geometries are scarce in the 

literature. Haselton and Scherer [13] conducted the photographic steady streaming oscillating 

flow visualization experiments in a macro-scale (2 m in length and 3.5 cm inside diameter) Y-

shape cylindrical tube model. The results of axial-streaming displacement as a function of the 

number of elapsed cycles were presented. Generally speaking, phenomena of flow streaming are 

highly geometrical and operational condition dependent.  Since there is no data on streaming 

velocity and detailed operation parameters reported in [13], and also, there are considerable 



differences between work by Haselton and Scherer [13] and this study in terms of the scale of 

channel dimensions, geometries (a Y-shape cylindrical tube vs. 2-D multi-generation bifurcation 

networks), bifurcation angles, boundary conditions and ratios of mother/daughter channel 

geometry (for both diameter and length), no work has been attempted to compare the results 

between these two different studies.  

Figures 3 illustrates the effects of oscillation amplitude and frequency on streaming 

velocities.  Streaming flow Reynolds numbers are present as a function of Womerseley number 

(dimensionless frequency) using non-dimensional oscillation amplitudes as references. 

Streaming velocity is defined as the rate of streaming flow displacement. For lack of unified 

definition as well as for simplicity, we employ the position of the 20% mass concentration 

contour as the front line of the streaming flow displacement and trace the motion of this contour 

line throughout the computer simulation. The average streaming velocity is calculated based on 

the measured time and channel length.  Figure 3, Panels A, B and C display the streaming 

velocity in the first, second and third channel generation of the bifurcation networks, 

respectively.  It is noted that since the total cross sectional areas are identical along all channel 

generations, mean oscillation velocities at each channel generation are identical.  Mass 

diffusivity of the fluid is set to be zero in computer simulations. Therefore, effect of mass 

diffusivity on streaming is isolated from the streaming flow, which is difficult to do 

experimentally. Meanwhile, it is noted that there is always a finite amount of numerical 

diffusions involved due to discretizations error of the control volume numerical method.  

Computer simulations reveal that streaming flow velocities highly depend on their location 

within the channel. The streaming Reynolds number present in Figure 3, panels A, B, and C are 

the mean velocity value averaged over the channel generation.  Neglecting the end effects 

(entrance and outlet), bifurcations are the only sources of fluid disturbances that create flow 

streaming.  Computer simulation shows that at a distance away from the bifurcation, flow 

disturbances induced at the bifurcation diminish and streaming flow slows. At a distance closer 

to the bifurcation, streaming flow picks up strength and accelerates.  Bifurcation configurations 

practically serve as pumps in the channel networks to move streaming flows. 

Figures 3 shows that at a given constant oscillation amplitudes, streaming velocity increases 

proportionally with the oscillation frequency in all the parameters we studied.  This suggested 

that streaming flow has a linear relation to the oscillation frequency for the bifurcation networks. 



Oscillation frequency varies between 1 Hz to 12.5 Hz in our computer simulations. This 

frequency range corresponds to the desired oscillation frequency to be used for micro fluidics 

experiments.  

Figure 3, Panels A, B and C also show that oscillation amplitude has more dominant effects 

on streaming velocity than oscillation frequency. Figure 4, Panels A, B, and C displays the 

effects of oscillation amplitude on flow streaming in channel generation #1, 2, and 3, 

respectively, using oscillation frequency as a reference.  In the entire range of the frequency we 

studied, the rate of streaming velocity enhancement accelerates from low to high amplitude. For 

example, at an oscillation frequency of 8 Hz, the enhancement in streaming flow Reynolds 

number from an oscillation amplitude of 0.2mm to 0.4mm and then to 0.8mm increase from 

171% to 251% in channel generation #1, from 199% to 220% in channel generation #2, and from 

214% to 229% in channel generation #3. This phenomenon may be illustrated as follows: 

streaming flow velocity is location-dependent. It accelerates when close to a channel joint and 

de-accelerates when away from the joint. High oscillation amplitudes push the fluid directly 

close to the location of the channel bifurcation, bypass/decrease the zone of low-streaming-

velocity, and therefore, enhance the averaged streaming velocity. 

Figures 3 and 4 show that streaming velocity decreases from mother channel to daughter 

channels as channel generation numbers increase. This may be explained as follows: a)  

streaming flow is a two way, bi-directional flow.  As streaming flow spreads from mother to 

daughter channels, mass concentration decreases.  The spreading rate of the 20% mass 

concentration contour line slows down, and b) generally speaking, flow disturbances created at 

the bifurcation will fade away within the conventional length of flow developing or equivalence 

of the flow entrance length, while entrance length is proportional to the flow Reynolds number. 

The local flow Reynolds number for a daughter channel is half of that for the mother channel. As 

Reynolds number decreases, so does the streaming.  Computer simulation shows that the 

simulated streaming Reynolds number decreases from a maximum of 18.7 at  = 12.5 Hz and A 

= 0.8 mm in the mother tube to a minimum value of 0.12 at  = 4 Hz and A = 0.2 mm in 

channel generation #3. 

f

f

 Effects of mean oscillation fluid velocity on streaming flow distribution patterns are shown 

in Figure 5. The mean oscillation fluid velocity is calculated as u = 2A . Streaming flow profile 

with mean velocity of 0.04, 0.08 and 0.16 m/s (A = 0.2mm, 0.4mm and 0.8mm, =10), are 

f

f



shown in Panels A, B, and C, respectively. Three distinct features of streaming flow can be 

observed in Figure 5: a) The waves of layered mass concentration contours demonstrating clearly 

the marching steps of the streaming flow during oscillating cycles; b) The skewed velocity 

profile at the entrance of the daughter tubes.  During the inflow, the parabolic velocity profile in 

the mother tube was split in half at the ridge of bifurcation with the maximum velocity when 

entering the daughter tubes, resulting in a nonsymmetrical profile with the maximum velocity 

skewed to the inner wall of the daughter tubes.  At a low velocity, the daughter channel velocity 

profile is more blunted as shown in Panel A. The degrees of profile skewness gradually increase 

with the mean oscillation velocity u as shown in Panels B and C.  Magnitude of the flow 

streaming in daughter channels is associated with the differences in velocity profile between the 

skewed forward flow and the symmetrical back flow; and c) The demonstration of the 

maxU

ε -shaped 

streaming profile in the mother channel. During the backflow, two fully developed, parabolic 

flow profiles in the daughter tubes merge at the center of the bifurcation and result in an ε -

shaped symmetrical profile in the mother tube with a zero velocity at the center.  The ε -shaped 

backflow produces layers of sharp-tongue-likeconcentration profile at the centerline as shown in 

Figure 5.  The sharp-tongue and ε -shaped streaming phenomena was also visually evidenced in 

experiments by Haselton and Scherer [13].  

 Figure 6 shows the effects of mass diffusivity on convective streaming mass transport 

process.  With a non-zero mass diffusivity, mass transport mechanisms now include both 

convective streaming and diffusion.  The effective streaming velocity, which is still measured as 

the rate of 20% mass concentration traveling down the channel network, but by the combined 

effects of streaming and diffusion, as a function of Schmidt number (Sc = ν /D), is presented. 

Oscillation amplitude A = 0.3mm and frequency  = 10 Hz are used in the simulation. Schmidt 

number varies from 0.07 to 700 in the simulations.  Figure 6 shows that there are no significant 

changes in streaming velocity when Schmidt numbers are greater than 0.7.  In other words, mass 

transport by streaming is the dominant transport mechanism if diffusivity of particles suspended 

in fluid is less than the kinetic viscosity of fluid.   

f

 Effects of Schmidt number on mass concentration patterns is shown in Figure 7. Oscillation 

amplitude A = 0.3mm and frequency  = 10 Hz are used. The Schmidt number and elapsed time 

in Panels A, B, C and D are Sc = ∞, 700, 0.7, 0.07 and t = 6.15, 6.15, 4.95 and 1.45 seconds, 

respectively.  Figure 7 shows that there are virtually no differences between the concentration 

f



patterns between Sc number of ∞ and 700, due to the dominance of convective streaming in 

mass transfer as shown in Panels A and B.  The transition between the convection dominance to 

diffusion dominance started around Sc = 1.  Although there is no significant difference in 

effective streaming velocity for Sc = ∞ and Sc = 0.7 as shown in Figure 6, concentration 

distribution patterns are starting to change. Mass concentration profiles shown in Figure 6, Panel 

B is streaming flow dominant, where the skewed concentration profile to inner wall in the 

daughter channel is clearly visible. Concentration profiles shown in Panel C are diffusion 

dominant, where the concentration contours are smooth and uniformly distributed in all 

directions.  The transition for mass transport becomes diffusion dominant near Sc = 1. There are 

no visible differences between concentration profiles shown in Panels C and D. Both 

concentration patterns are diffusive type. However, the elapsed time is quite different. Elapsed 

time in Panels C and D are 4.95 and 1.45 seconds, respectively.  The effective streaming velocity 

for Sc = 0.07, in Panel D is about 340% of that for Sc = 0.7, in Panel C. 

 

Discussions on Applications   

The proposed application of streaming flow to micro fluidics has both limitations and 

advantages. The major disadvantage is its low efficiency in transport of sample flows. This is 

because, compared to the main current of the oscillating channel flow, flow streaming is always 

a second order flow. Oscillatory flow increases friction losses. Clearly, this inefficiency could 

limit its applications where direct pumping can be easily applied.  

The oscillation flow in micro channels can be generated by piezoelectric (PZT) diaphragms.  

Streaming flow based micro fluidics driven PZT diaphragms provide many potential advantages. 

It will be valve-less (no check valves needed), low cost (under $1/piece for dime size under mass 

production), reliable (no moving parts except the motion of the PZT), regular battery compatible 

and very system integrative. 

Flow streaming in channel networks can also be used in micro cooling, micro reactors, and 

micro mixers.  Streaming flow will not only preserve the high heat transfer coefficients near the 

entrance and exit regions as conventional oscillation flow does, but also has the higher heat/mass 

transfer coefficients in the middle section of the channel. The bi-directional flow streaming, or 

the sliding of the warmer (or high concentration) liquid layer near the channel circumference 

region over the cooler (or low concentration) liquid layer near the channel core region, should 



effectively disrupt the low laminar heat/mass transfer gradient, stretch the total surface area of 

heat/mass transfer interface, and therefore enhance heat/mass transfer in micro channels.  

 

 

 

SUMMARY 

The phenomenon of flow streaming in a symmetrical 2-D bifurcation network is 

investigated using computer simulations. A dimensional analysis is performed.  Results of 

streaming Reynolds number versus Womerseley number and non-dimensional oscillation 

amplitude are presented. Effects of mass diffusivity on streaming velocity are also investigated.  

The applications of flow streaming in micro fluidic devices are discussed. 

Computer simulations in a short-channel micro bifurcation network provides further insights 

of flow streaming phenomena. Results show that oscillation frequency has dominant effects on 

streaming velocity.  Streaming velocity is also directly proportional to the oscillation frequency. 

Streaming flow can be an effective mass transfer tool when Sc number is less than one.  
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Figure 5. Are these missing panel descriptors (A, B, and C)?



 
 
 
 
 
 

    
     
     
     
     
     
     
     
     
     
     
     
     
     

 
Figure 6 
 



 
 
 
Figure 7 


	Fluid Streaming in Micro Bifurcating Networks
	INTRODUCTION
	15. Beebe,  K. R., and Kowalski,  B.R., “An  Introduction  to  Multivariate   Calibration  and Analysis”, J. Am. Chem. Soc., Vol. 59, pp 1007-1017, 1987.
	16. Liu, R.H., Sharp, K.V., Olsen, M.G., Santiago, J.G., Adrian, R.J., Aref, H., and Beebe, D.J.,” A Passive Three-dimensional ‘C-shape’ Helical Micromixer”, Journal of Microelectromechanical Systems, Vol.  9, pp 190-197, 2000. 
	17. Chen, H., and J. Meinersa, “Topologic Mixing on a Microfluidic Chip”, Applied Physics Letters Vol. 84, No.12, March 22, 2004.
	18. Zhang, Z., Sun, H., Fadl, A. and Faghri, M,”A Concept of Pumpless Convective Micro Channel Cooling Technology”, The 1st ASME Micro/Nanoscale Heat Transfer International Conference (MNHT08), Taiwan, January 6 - 9, 2008.


