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 Parameters Influencing Pulsed Flow Mixing in Microchannels Ian Glasgow,† Samuel Lieber,†,‡ and Nadine Aubry*,†
 
 New Jersey Center for Micro Flow Control and the Department of Mechanical Engineering, New Jersey Institute of Technology, University Heights, Newark, New Jersey 07102, and Cardiovascular Research Institute and the Department of Cell Biology and Molecular Medicine, University of Medicine and Dentistry of New Jersey, Newark, New Jersey 07103
 
 The rapid mixing of reagents is a crucial step for on-chip chemical and biological analysis. It has been recently suggested that microfluidic mixing can be greatly enhanced by simply using time pulsing of the incoming flow rates of the two fluids to be mixed (Glasgow, I.; Aubry, N. Lab Chip 2003, 3, 114-120). This paper elaborates on the latter technique, showing through computational fluid dynamics how the mixing efficiency strongly depends on certain dimensionless parameters of the system, while remaining nearly insensitive to others. In particular, it is demonstrated that higher Strouhal numbers (ratio of flow characteristic time scale to the pulsing time period) and pulse volume ratios (ratio of the volume of fluid pulsed to the volume of inlet/outlet intersection) lead to better mixing. This paper also presents a physical device capable of mixing two reagents using pulsing, which shows improved mixing with greater values of the Strouhal number. Microfluidics is finding its way into a growing number of practical applications, such as microreactors2-4 and chemical and biological analysis.5-7 Most micro total analysis system (µTAS) applications require reagents to mix; however, mixing in these typically laminar (i.e., low Reynolds number) systems can be very difficult. Several methods for microfluidic mixing have been reported, typically based upon clever geometries, miniature stirrers, or external fields. Complex geometries that decrease required diffusion distances include multilamination techniques that split and rearrange channels8-10 and an array of inlets orthogonal to a * Corresponding author: (fax) (973) 596-5470; (e-mail) [email protected]. † New Jersey Institute of Technology. ‡ University of Medicine and Dentistry of New Jersey. (1) Glasgow, I.; Aubry, N. Lab Chip, 2003, 3, 114-120. (2) Watts, P.; Haswell, S. J. Curr. Opin. Chem. Biol. 2003, 7, 380-387. (3) Peterson, D. S.; Rohr, T.; Svec, F.; Frechet, J. M. J. Anal. Chem. 2002, 74, 4081-4088. (4) Seong, G. H.; Crooks, R. M. J. Am. Chem. Soc. 2002, 124, 13360-13361. (5) Beebe, D. J.; Trumbull, J. D.; Glasgow, I. K. Microfluidics and Bioanalysis Systems: Issues and Examples. Proceedings of the 1998 20th Annual International Conference of the IEEE Engineering in Medicine and Biology Society”, Hong Kong, China, Oct-Nov 1998; pp 1692-1697. (6) Hansen, C.; Quake, S. R. Curr. Opin. Struct. Biol. 2003, 13, 538-544. (7) Harrison, D. J.; Fluri, K.; Chiem, N.; Tang, T.; Fan, Z. Sens. Actuators, B 1996, 33, 105-109. (8) Branebjerg, J.; Gravesen, P.; Krog, J. P.; Nielsen, C. R. Fast Mixing by Lamination. Proceedings of the IEEE MEMS Workshop, San Diego, CA, 1996; pp 441-446. 10.1021/ac049813m CCC: $27.50 Published on Web 07/09/2004
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 wide, shallow channel.11 Two other mixing techniques that rely upon the geometry of the channels to induce secondary flow are based on “chaotic advection”; i.e., initially adjacent molecules separate exponentially with time. These are a three-dimensional twisted pipe12 for Reynolds numbers (Re) above 6 and a staggered series of asymmetric herringbone ribs along the floor of a 3-cmlong channel.13 Another option to decrease the diffusion distance incorporates a very shallow or narrow channel, but such a channel, for a pressure-driven flow, would require a very large pressure drop for reasonable flow rates. Methods incorporating miniature stirrers driven magnetically or optically14 necessitate intricate assembly, elaborate fabrication methods, or external fields. Other methods that incorporate external fields mix fluids using ultrasonics,15,16 electrokinetics including electroosmosis17 and dielectrophoresis (in fluids with particles) induced by ac electric fields,18 magneto hydrodynamic pumping,19 and electrokinetic instability.20,21 Enhancement of mixing has also been explored by introducing time pulsing. Horner et al.22 studied how pulsing one flow past a cavity enhances transport in systems with Reynolds numbers ranging from 12 to 93. In the cross-flow pulsing systems, liquid is pulsed from one or multiple perpendicular inlets to periodically (9) Hinsmann, P.; Frank, J.; Svasek, P.; Harasek, M.; Lendl, B. Lab Chip 2001, 1, 16-21. (10) He, B.; Burke, B. J.; Zhang, X.; Zhang, R.; Regnier, F. E. Anal. Chem. 2001, 73, 1942-1947. (11) Miyake, R.; Lammerink, T. S. J.; Elwenspoek, M.; Fluitman, J. H. J. Micro Mixer with Fast Diffusion. Proceedings of the IEEE MEMS Workshop, Ft. Lauderdale, FL, 1993; pp 248-253. (12) Liu, R. H.; Stremler, M. A.; Sharp, K. V.; Olsen, M. G.; Santiago, J. G.; Adrian, R. J.; Aref, H.; Beebe, D. J. J. Microelectromech. Syst. 2000, 9, 190-197. (13) Stroock, A. D.; Dertinger, S. K. W.; Ajdari, A.; Mezic´, I.; Stone, H. A.; Whitesides, G. M. Science 2002, 295, 647-651. (14) Curtis, J. E.; Koss, B. A.; Grier, D. G. Opt. Commun. 2002, 207, 169-175. (15) Moroney, R. M.; White, R. M.; Howe, R. T. Ultrasonically Induced Microtransport. Proceedings of the IEEE MEMS Workshop, Amsterdam, The Netherlands, 1991; pp 277-282. (16) Liu, R. H.; Lenigk, R.; Druyor-Sanchez, R. L.; Yang, J.; Grodzinski, P. Anal. Chem. 2003, 75, 1911-1917. (17) Sounart, T. L.; Baygents, J. C. Colloids Surf., A 2001, 195, 59-75. (18) Lee, Y.-K.; Deval, J.; Tabeling, P.; Ho, C.-M. Chaotic Mixing in Electrokinetically and Pressure Driven Micro Flows. The 14th IEEE Workshop on MEMS, Interlaken, Switzerland, 2001; pp 483-486. (19) Bau, H. H.; Zhong, J.; Yi, M. Sens. Actuators, B 2001, 79, 207-215. (20) Oddy, M. H.; Santiago, J. G.; Mikkelsen, J. C. Anal. Chem. 2001, 73, 58225832. (21) Ould El Moctar, A.; Aubry, N.; Batton, J. Lab Chip, 2003, 3, 273-280. (22) Horner, M.; Metcalfe, G.; Wiggins, S.; Ottino, J. M. J. Fluid Mech. 2002, 452, 199-229.
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 distort the interface between the reagents18,23-24. Volpert et al.23 performed tests with three pairs of perpendicular inlets, varying the timing of the lateral pulses with respect to the flow rate in the main channel. Desmukh et al.25 operated pumps at the two inlets, alternating in turn, thereby causing crescent-shaped interface regions, which greatly stretched the interface, thereby increasing the diffusion. Our earlier work demonstrated the merits of superimposing out-of-phase pulsing onto the constant flows at the inlets in a simple confluence geometry1,26 or onto intricate geometry to further enhance mixing.27 Basically, in pulsed flow mixing, the flow rate at each inlet varies with time. For example, we previously demonstrated1 good mixing by setting the spatially averaged mean velocities at the two inlets to 1 + 7.5 sine(10πt) and 1-7.5 sine(10πt) mm s-1, where t represents time in seconds. In this paper, we determine the salient parameters, show how proper selection of their values can significantly enhance mixing, and demonstrate this improvement experimentally. EXPERIMENTAL SETUP Computational and physical tests are conducted to examine how the superimposed out-of-phase pulsing can cause good mixing. Computational fluid dynamics (CFD) simulations are run to study the effect of several dimensionless parameters, such as those involving the mean velocity of the base flow and the pulsing conditions. The simulations generate concentration maps and particle paths that elucidate the phenomenon. Tests with physical models demonstrate the feasibility of the technique and the validity of the simulations. We study the simplest confluence geometry, uniform channels intersecting as a “T”, so that no additional geometric effects mask the basic cause. The inlet branches of the “T” form the halves of the cross bar and intersect the outlet branch at (90°. Figure 1 shows the system of coordinates (X, Y, Z), whose origin is located at the center of the confluence between the two inlet channels: X being the streamwise direction of the outlet channel, Y the direction normal to X in the plane of the inlet channels, and Z the direction along the depth of the channel. In our investigative model, the three channel branches are each 200 µm wide by 120 µm deep, a size range appropriate for many applications and mass production by processes such as injection molding. The line graphs, above and below the contour plot in Figure 2 illustrate that the pulsing has a bias, i.e., that the sinusoidal pulses are superimposed upon a base flow. In this example, the pulsing from inlet B lags 90° behind the pulsing from inlet A. A typical application would involve small proteins or other biomolecules with a mass diffusivity of ∼10-10 m2 s-1 in aqueous reagents at room temperature and a kinematic viscosity, ν, of 10-6 (23) Volpert, M.; Meinhart, C. D.; Mezic, I.; Dahleh, M. An Actively Controlled Micromixer. ASME International Mechanical Engineering Congress & Exposition, Nashville, TN, Nov 14-19, 1999; pp 483-487. (24) Dasgupta, P. K.; Surowiec, K.; Berg, J. Anal. Chem. 2002, 74, 208A-213A. (25) Desmukh, A. A.; Liepmann, D.; Pisano, A. P. Continuous Micromixer with Pulsatile Micropumps. Solid-State Sensor and Actuator Workshop, Hilton Head Island, SC, June 4-8, 2000; pp 73-6. (26) Glasgow, I.; Aubry, N. Pulsed Flow Mixing For BioMEMS Applications. Proceedings of Micro Total Analysis Systems (µTAS 2003), Squaw Valley, CA, October 5-9, 2003; pp 125-129. (27) Okkels, F.; Tabeling, P. Combined Mixing and Separating Micro-system. The 55th Annual Meeting of the Division of Fluid Dynamics of the American Physical Society, Dallas, TX, November 2002; Session AE 5.
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 Figure 1. Schematic of the setup showing the system of coordinates and dimensions of the channel model.
 
 Figure 2. Contour plots of concentration of the liquid from the lower inlet, at half the depth of the channel and at 0.5 mm downstream of the confluence. Also shown are arrows indicating the two inlets and the outlet, and graphs showing the mean velocity at the inlets as a function of time. The flow rate (and mean velocity) at inlet A leads the flow rate at inlet B by 1/4 cycle.
 
 m2 s-1 equal to that of water. Common scenarios entail equal flow rates from both inlets. Equal flow sets the target concentration of each liquid in the outlet stream at 0.50, i.e., the center of the range. Fortunately, this target value is optimal for discerning differences using statistical methods. COMPUTATIONAL SIMULATIONS Investigative CFD simulations are run before physical models are built and tested because the simulations enable all the parameters to be varied over a wide range of values as well as simultaneous and instantaneous data collection everywhere in the model. The effects of varying several nondimensional parameters are studied. These parameters include the following: the Reynolds, Strouhal, Stokes, Schmidt, and Peclet numbers, the ratio of the pulse volume to the intersection volume, and the pulse shape.
 
 In the simulations, the base flow from both inlets is set to a mean flow velocity of 0.25, 1.0, or 4.0 mm s-1, corresponding to inlet flow rates of 6.0, 24, or 96 nL s-1, respectively, and outlet flow rates of 12, 48, and 192 nL s-1. Most of the simulations incorporate sinusoidal pulsing at 1.25, 5, or 20 Hz, but tests are also conducted at 50 and 200 Hz, as well as 5-Hz square wave pulsing. In these cases, the pulsing from the two inlets is separated by a 90° phase difference and is superimposed upon the base flow. Naturally, the volume of fluid being pulsed, i.e., the flow rate integrated over the duration of the pulse, is a salient factor. Therefore, the pulse volume is kept constant when isolating the effect of pulse frequency or pulse shape. For instance, to examine the effect of quadrupling the pulse frequency, the pulse amplitude is also quadrupled to compensate for a pulse period only one-fourth as long. The amplitude of the pulsing, i.e., the maximum mean velocity, ranges from 0.25 to 300 mm s-1. Similarly, to examine the effect of pulse shape, 5-Hz square wave pulsing was conducted at half the pulse amplitude (mean velocity of 3.75 mm s-1 as the sinusoidal pulsing (7.5 mm s-1), to yield the same pulse volume. Numerical simulations of the flow are run using Fluent (Fluent Inc., Lebanon, NH). The models contain two inlet channel sections, each 1.25 mm long, and 3 mm of channel after the confluence, as shown in Figure 1, with a plane of symmetry at half the channel depth. The computational domain is discretized with structured hexahedral meshes, with most of the cells having all sides 10 µm long. Thus, the channels are 20 cells wide and 12 deep (6 deep with a plane of symmetry at half the channel depth). The numerically computed velocities are within 0.5% of analytically calculated values and mass fractions within 0.02 of values from results obtained with a mesh five times finer in each direction. The convergence limit is set so that velocities converged within 0.1% and mass fractions reached their asymptotic values within 2 × 10-6. By observing the extent of diffusion for progressively smaller values of the diffusion constant, the computational diffusion (also termed false diffusion) due to rounding errors and calculation inaccuracies is found to be at least 2 orders of magnitude smaller than the physical diffusion constant, which is set to be D ) 10-10 m2 s-1. In addition, diffusion in a test model of a channel of the same dimensions with side-by-side uniform flow at 1 mm s-1 is compared against the analytical solution. For this situation with one-dimensional diffusion in the Y direction, the diffusion equation can be written as
 
 ∂cA/∂t ) D(∂2cA/∂Y2)
 
 (1)
 
 where cA is the concentration of species A and D is the mass diffusivity of species A into B. Initially, cA(t ) 0, Y > 0) ) 0 and at the interface cA(Y ) 0) is constrained to be 0.5. After solving for cA using separation of variables, the solution for the channel half where Y g 0 can be represented as an infinite series.28 ∞
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 where b is half the channel width. The physical nature of the problem dictates that cB on one side of the channel mirrors cA on the other side, and cA ) 1 - cB. After 1 and 7.5 s of diffusion, the maximum error in concentration from the CFD simulations is less than 0.016 and 0.002, respectively. METHOD OF EVALUATION To observe and quantify mixing, the liquids from both inlets are chosen to be identical, but are called different names. The flow velocity and mass fraction of each liquid are calculated in each computational cell as time progresses. The numerical simulations advance in time using 40 time steps per cycle (0.02 and 0.005 s per step) for 1.25- and 5-Hz pulsing and 20 time steps per cycle for higher frequencies. To compare the various cases and evaluate how effective the mixing is, we record the mass fraction of the fluid from one inlet (liquid A from inlet A) in each of the computational cells at a cross section 0.5 mm downstream from the center of confluence, shown in the rectangular contour plot of Figure 2. With a mean base flow velocity of 2 mm s-1 in the outlet channel, 0.5 mm roughly corresponds to 0.25 s. This cross section is chosen because at this downstream position, the shape of the interface between the two liquids does not change significantly through the pulse cycles. The shading of the cross sections in Figure 2 indicates the mass fraction of liquid A. As described previously1, we define the degree of mixing as
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 ∑
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 where xi and vi are the mass fraction and mean velocity in the ith cell, respectively, n is the number of cells, µ ) 0.5, the mass fraction of liquid A in the targeted case of equal mixing of the two reagents, and vmean is the mean velocity in that cross section of the channel at that particular time. The square root term represents the deviation about a mean, weighted by the mean velocity of each cell. Because the cells are all of the same size and shape, i.e., 10 µm on a side, they represent equal portions of the channel cross section; thus, the proportion of the area of each cell to the entire channel cross section is disregarded. What is important in real world applications is how homogeneous the fluid exiting the mixing section is, rather than an instantaneous view of a cross section. To account for these differences, the deviation of the mass fraction from µ in each cell needs to be weighted by the mass flux. With the assumption that the fluid is incompressible and since all the cells are of the same size, the instantaneous mass flux is directly proportional to the instantaneous spatially averaged fluid velocity of the cell. The value of the square root term falls between 0 and 0.5, where 0 is obtained for full mixing and 0.5 occurs in the case of no mixing. To normalize the deviation about a mean to represent the degree of mixing such that no mixing yields a value of 0 and complete mixing a value of 1, we divide the square root term by the factor µ to set the maximum deviation to 1 and subtract this value from 1. (28) Glasgow, I. K.; Aubry, N. Mixing Enhancement in Simple Geometry Microchannels. Proceedings of the 2003 ASME International Mechanical Engineering Congress & Exposition (IMECE′03), Washington, DC, November 2003.
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 PHYSICAL TESTS While previous tests demonstrated that simulations were accurate,1 the purpose of the current round of physical tests is to verify that the dimensionless parameters can predict the quality of the pulsed flow mixing. The microchannel device is fabricated as follows. A milling machine creates a 800 µm wide by 500 µm deep T-shaped trench in clear polycarbonate, as well as holes at all three ends of the T and cross-holes for connection ports. To cover the trenches, a glass microscope slide is bonded to the block using UV curing optical adhesive (NOA 72, Norland Products, Inc., Cranbury, NJ). Twenty-two gauge syringe needles are light press fit into the 0.5-mm-diameter cross-holes. Bonding the joints with epoxy ensures good seals and mechanical integrity. While these channels are four times wider than those in the simulations, they are also four times deeper and thus have the same aspect ratio. These larger channels are easier to fabricate and incorporate in our modest setup. In either channel size, the principles and benefits of pulsed flow mixing will be evident. A peristaltic pump (P625/900, Instech Laboratories, Inc., Plymouth Meeting, PA) causes the base flow of two solutions through the device. One solution contains a blue dye (Nile Blue, Sigma-Aldrich, St. Louis, MO) in distilled water, while the other is simply distilled water. Two pieces of silicone rubber tubing run from the pumps to the device. A function generator (FG2A, Wavetek, San Diego, CA) drives a relay that powers a pair of 12 VDC solenoid actuators (p/n 70155K43, McMaster-Carr, New Brunswick, NJ). The actuators force a pin back and forth, alternately compressing the two tubes and causing the pulsing. This setup can generate 180° out-of-phase pulsing at up to 20 Hz. A standard compound microscope with a color video camera (IV CCAM2, Imaging Source, Charlotte, NC) enables visual observation and recording. This method to generate pulsed flow demonstrates that pulsing can be achieved with a very modest external setup. Future designs could generate elegant pulsing using electrostatically actuated diaphragms integrated in the device29 or even externally driven plungers that act upon elastomeric membranes (such as poly(dimethylsiloxane), typically referred to as PDMS) which are incorporated in the device.30 RESULTS AND DISCUSSION Numerical Simulations: Effect of Parameters. We now investigate the influence of salient parameters of the system on the extent of transport. The first simulations study whether the Reynolds number (ratio of inertial to viscous effects) correlates to the degree of mixing. The mean base flow velocity of 1 mm s-1 at both inlets (V ) 2 mm s-1 in the outlet channel) of aqueous solutions at room temperature (kinematic viscosity, ν ) 10-6 m2 s-1) yields a Reynolds number of 0.3, where
 
 Re ) VL/ν
 
 (4)
 
 where V is the mean velocity in the outlet channel, ν is the (29) Bird, R. B.; Stewart, W. E.; Lightfoot, E. N. Transport Phenomena; John Wiley & Sons: New York, 1960; pp. 354-356. (30) Robertson, J. K.; Wise, K. D. A Nested Electrostatically-Actuated Microvalve for an Integrated Microflow Controller. Proceedings of the IEEE Workshop on Micro Electro Mechanical Systems, 1994, (MEMS ′94), January 1994; Vol. 25-28, pp 7-12.
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 kinematic viscosity, and L, the hydraulic diameter, which, in our channel, equals 150 µm, is given by
 
 L ) (4 × area)/(wetted perimeter)
 
 (5)
 
 The degree of mixing is a function of both the base flow and the pulsing. Since the base flow and the pulsing are independent of each other, the Reynolds number of the base flow cannot characterize the degree of mixing. Neither can the Reynolds number associated with only the pulsing be used. We now examine the peak Reynolds number based on the velocity corresponding to the pulsing amplitude and the base flow combined. As an example, consider pulsing at 5 Hz with a 1 mm s-1 base flow mean velocity. After almost 100 nL has flowed through the outlet channel (100 nL cumulative volume), a pulse amplitude of 1.875 mm s-1 (peak outlet mean velocity of 4.65 mm s-1, peak Re of 0.70) attains a degree of mixing of ∼0.15 while an amplitude of 7.5 mm s-1 (peak outlet mean velocity of 12.61 mm s-1, peak Re of 1.89) attains a much greater degree of mixing of ∼0.75, which indicates fairly good mixing. However, for the same 5 Hz, 7.5 mm s-1 pulsing but with a base flow of 4 mm s-1, the peak Re is higher (peak Re ) 2.79) but the degree of mixing only reaches 0.4, which does not indicate good mixing. In this example, the degree of mixing decreases with increased base flow, but increases with increased pulse amplitude. Therefore, the peak Reynolds number is not monotonically related to the degree of mixing. The Strouhal number, which is used to characterize fluidic systems where a frequency is present, is the ratio of the characteristic time period of the flow to the forcing (pulsing) period.
 
 St )
 
 (L/V) fL ) V (1/f)
 
 (6)
 
 For example, when the pulsing frequency f is 5 Hz and the base mean velocity V ) 2 mm s-1 in the outlet channel, the Strouhal number equals 0.375. As stated above, under these conditions, for a pulse amplitude of 7.5 mm s-1 peak outlet mean velocity, the degree of mixing is ∼0.75. In evaluating the effect of the Strouhal number, we compare different forcing frequencies and base velocities while maintaining the same pulse volume, 9.0 nL (as defined below). Before varying the Strouhal number, we first test whether the degree of mixing remains the same when holding the Strouhal number constant while varying the forcing frequency and the base flow velocity. Figure 3a shows almost identical degree of mixing curves for a Strouhal number of 0.094, for 1.25and 5-Hz pulsing with mean base flow velocities in the outlet channel of 2 and 8 mm s-1, respectively. Notice in Figure 3b that, for a Strouhal number of 0.375, the three curves are similar for pulsing at 1.25, 5, and 20 Hz. The curves in Figure 3a are plotted from data taken every quarter cycle and show the variation of the degree of mixing during each cycle. This corroborates the similarity of the flow with Strouhal number. Lower frequencies require lower base flow mean velocities (lower Re) to maintain the same Strouhal number. Notice that at the lower pulsing frequencies, i.e., lower base flow Reynolds numbers, the degree of mixing is slightly higher, due to the greater time of contact between the two fluids.
 
 Figure 3. Degree of mixing as a function of the cumulative volume showing the similarity of the results with the same Strouhal number and PVR. (a) St ) 0.094 and PVR ) 1.88. (b) St ) 0.375 and PVR ) 1.88. Notice that larger values for St lead to slightly greater degrees of mixing due to the additional diffusion from the much greater time of contact between the two fluids.
 
 Figure 5. Degree of mixing as a function of the cumulative volume for various St at a PVR of 1.88 (a) and two PVRs at St ) 0.375 (b). In (b), the data are taken at quarter cycle intervals so the curves display a cyclic nature. Both dimensionless parameters strongly affect the degree of mixing.
 
 (50 Hz pulsing. For a Strouhal number of 15 (200 Hz), the trend is for even better mixing, but the simulation was not continued for enough time steps to reach 40 nL, due to the large computation time that would be required. For a given pulse volume ratio (as defined below), the Strouhal number correlates well with the degree of mixing. The Stokes number (Sto), which is the ratio of the characteristic time period to establish fully developed flow to the forcing period, can be written as the following combination of the Reynolds and Strouhal numbers.
 
 Figure 4. Contours of species concentration for 90° phase difference pulsing at the St ) 0.094 and PVR ) 1.88. The mixing is much less complete than in the case of Figure 2 in which St ) 1.5.
 
 We now turn to studying the effect of varying the Strouhal number to influence the degree of mixing. Figure 4 shows contours of concentration, where the Strouhal number is 0.094. The Strouhal number in Figure 2 is 16 times greater than in Figure 4, resulting in a much greater degree of mixing (0.81 as compared to 0.38). Notice the line graph of Figure 5a, which shows curves exhibiting greater degrees of mixing with increasing Strouhal number, for a base mean velocity of 1 mm s-1 in both inlets. Notice that at a cumulative volume of 40 nL, the degree of mixing ranges from 0.38 for St ) 0.094 (1.25-Hz pulsing) to 0.84 for St ) 3.75
 
 Sto )
 
 (L2/ν) f L2 ) St × Re ) ν (1/f)
 
 (7)
 
 Using the values given above for the typical conditions studied, this expression yields values of 0.028, 0.11, and 0.45, for frequencies of 1.25, 5, and 20 Hz, respectively. Since these values are less than 1, each cycle effectively allows the flow to fully develop. We also examine the effects of pulsing at the higher forcing frequencies of 50 and 200 Hz (Sto ) 1.13 and 4.50, respectively). However, these Stokes numbers are not substantially greater than 1, so the flow still becomes practically fully developed in each pulse cycle. Horner et al.,22 stated that the transport will decrease for Sto greater than ∼1 and showed data that maximum transport occurs in the range of 1-5. Our tests do not go beyond Sto ) 5. Analytical Chemistry, Vol. 76, No. 16, August 15, 2004
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 The Schmidt number, Sc ) ν/D is the ratio of the kinematic viscosity (ν ) 10-6 m2 s-1) to the mass diffusion constant (D ) 10-10 m2 s-1) of the fluid used. For aqueous small protein solutions at room temperature, Sc has the typical value of 104, as the kinematic viscosity for such solutions is much larger than the mass diffusivity. Note that many µTAS applications entail sample analysis; typically, the samples and reagents and their concentrations are selected for optimal system performance. Adjusting the Schmidt number by altering the solutions or the temperature could affect the sensitivity or accuracy of the system. When studying mixing and therefore describing mass transfer, the Peclet number, Pe, indicates the ratio of the characteristic time of diffusive effects to the characteristic time of inertial effects. Since the Peclet number is equal to the product of the Reynolds number and the Schmidt number
 
 Pe ) Re × Sc ) VL/D
 
 (8)
 
 we can discuss the effect of either the Schmidt number or the Peclet number as an additional parameter of our system. For the tests studied in this paper, the typical value of the Peclet number is 0.3 × 104, reinforcing that the time required for diffusion-based mixing is very high. If we model mixing using a mass diffusivity that is 10 times greater, i.e., with D ) 10-9 m2 s-1, we effectively decrease the Schmidt and Peclet numbers by a factor of 10, to 0.3 × 103 and 1 × 103, respectively. As previously reported,26 in the case of 180° out-of-phase pulsing at 5 Hz, the degree of mixing is 20% greater, 0.76 as opposed to 0.63. As we discussed previously, we expect that the amplitude of the pulse volume with respect to the intersection volume affects the degree of mixing. To characterize this nondimensionally, we define the pulse volume ratio, PVR.
 
 PVR ) pulse volume/intersection volume
 
 (9)
 
 In the current model, the pulsing is driven by a positive displacement pump, through which the mean velocity is forced. The pulse volume is thus the integral of the pulse component of the mean velocity at the inlet with respect to time for either the positive or negative portion of the pulse cycle. Since the sinusoidal waveform is symmetric, we can integrate over half of a cycle. For instance, for 5-Hz pulsing (0.2 s period) with a mean pulse velocity amplitude of 7.5 mm s-1, and the channel cross-sectional area of 24 × 10-9 m2, the pulse volume takes the value 9.0 × 10-12 m3. The volume of the intersection in the present geometry equals 200 µm × 200 µm × 120 µm ) 4.8 × 10-12 m3. Therefore, the PVR is equal to 1.9. As expected, decreasing the PVR to 0.47 (i.e., approximately one-quarter its original value) leads to substantially less mixing. This is investigated by varying the pulsing amplitude. As shown in Figure 5b, for 5-Hz sinusoidal pulsing at 90° phase difference and 1 mm s-1 base flow, the degree of mixing drops from 0.72 for a PVR of 1.9 (7.5 mm s-1 amplitude) to only 0.12 for a PVR of 0.47 (1.875 mm s-1 amplitude). Physical tests confirmed that a greater PVR leads to better mixing. Lesser PVR values (smaller pulse volumes) lead to less fluid being split by the corners and stagnation points of the confluence geometry and less fluid experiencing changes in streamlines over the course of each pulse. 4830 Analytical Chemistry, Vol. 76, No. 16, August 15, 2004
 
 Figure 6. Degree of mixing as a function of cumulative volume for two pulse waveforms, showing that square and sinusoidal waveforms lead to comparable mixing. Here the Strouhal number equals 3.75 and the pulse volume ratio is 1.88.
 
 However, in a multiprocess device, a substantially greater PVR (pulse volume) would lead to pulse volumes spilling into upstream and downstream regions and thus interfering with other processes. Physical tests also revealed that substantially greater pulse volumes can lead to striations, in which the two fluids are alternately present in the outlet channel near the confluence, the first fluid completely displacing the second fluid during part of the pulse cycle and vice versa. We now investigate whether the shape of the pulse or waveform affects the degree of mixing. As shown in Figure 6, the degree of mixing due to square wave pulsing is almost identical to mixing caused by sinusoidal pulsing, when the pulse volume ratio (i.e., the pulse volume) is held constant. As previously reported, the geometry of the confluence does affect mixing.26 While the size and the aspect ratio of the confluence (width to depth) were not studied, the results indicate that the shape of the confluence does matter. The “T” geometry causes both liquids to split more at the confluence corners than the “Y” geometry, and the “+” geometry only splits one of the fluids (the fluid from the in-line inlet) at a corner. For these three geometries, under comparable conditions, the degree of mixing is least for the + geometry, and best for the T geometry. For instance, for a 5-Hz, 90° phase difference pulsing with an amplitude of 7.5 mm s-1 superimposed upon 1 mm s-1 base flow (St ) 0.375, PVR ) 1.88), the degree of mixing after 96-nL cumulative volume (10 cycles or 2 s) is 0.59, 0.62, and 0.66 for the +, Y, and T geometries, respectively. It is interesting to notice that, for these three cases, the mixing is at a maximum for right angles. One pulsed-flow mixing case is studied in the arrow geometry, “v”. Notice that, in this case, the inlet fluids have to flow around a 135° corner as they flow into the outlet channel. They only flow around 45° and 90° corners in the Y and T geometries. After 2 s of 90° out-of-phase sinusoidal pulsing at St ) 1.5 and PVR ) 1.88, the arrow geometry and the T geometry exhibited approximately the same degree of mixing, 0.83 and 0.84, respectively. The completeness of mixing is therefore a function of several parameters, the most influential being the Strouhal number and the pulse volume ratio. Other salient parameters include the Peclet number and the geometry of the channels. Numerical Simulations: Motion During Each Pulse Cycle. There seem to be two main fundamental factors contributing to
 
 Figure 8. Separation of particles from a central particle initially at the center of confluence (0,0,0). The three particles are initially placed 10 µm from the central particle along the three axes. The Strouhal number equals 0.38, the pulse volume ratio equals 1.88, and the pulses from the two inlets are 180° out of phase. Notice how the particles displaced along the X and Z axes separate exponentially further from the central particle with time, after an initial period.
 
 Figure 7. Streamlines at mid-depth at different times during the pulsed flow cycle. (a) Just after flow from inlet A (lower left) peaks and pulsed flow from inlet B, lagging by 90°, is slightly positive (liquid B flows toward the confluence). (b) Pulsing from inlet B peaks, inlet A stagnant. (c) Just after pulsing flow from inlet B peaks and pulsed flow from inlet A is slightly negative (backflow).
 
 the mixing: folding of the interface and chaotic particle trajectories (“chaotic advection”). The latter is due to the separation of streamlines around the corners of the confluence geometry and stagnation point, as well as the movement of fixed points and streamlines through each pulse cycle. Both of these factors are due to the dynamics of the pulsing and could not be maintained in a constant-flow system. As reported previously,1 the out-of-phase pulsing causes the interface to retain a fold, thereby increasing the surface area of the interface for diffusion to proceed. Separation
 
 of the streamlines, for example, around the upper confluence corner, leads to some of the first fluid traveling into the second inlet channel and some of the second fluid flowing into the first inlet channel. This latter plug of fluid is then immersed in the fluid in the second inlet and will have substantial contact with the second fluid. In addition, as a pulse occurs at the second inlet, the second fluid and some of the first fluid are then pulsed from the second inlet channel; some will travel through the confluence region into the outlet channel, adjacent to the previous plug, and some will travel into the first inlet channel, thus leading to the separation of two initially adjacent fluid particles as the streamlines split onto different sides of the confluence corners. Further separation of particle trajectories also occurs when the particles stay on the same side of the confluence corners but flow into the boundary layer and then proceed with very different velocities. The dynamics is actually more complex than the one just described, due to the drastic changing patterns of streamlines (which even cross) with time, so that particles that are initially adjacent temporally, i.e., located in the same position at slightly different times, travel very different paths and spatially separate with time. All these features are indications that chaotic advection may be present. Figure 7 displays streamlines at different instants during a pulse cycle with a 90° phase difference. Figure 8 reports the time history of the separation distance between initially nearby particles, which indeed grows exponentially after some initial time, an indication of chaos. The significance of the latter factor, splitting of two adjacent particles in the confluence area, to the degree of mixing is related to the number of pulses a portion of fluid experiences. This is consistent with the facts that the degree of mixing significantly increases with Strouhal number (that is the dimensionless pulse frequency) and that the duration that the fluids spend in the confluence zone does not significantly affect the degree of mixing. Finally, the phase difference affects the degree of mixing. Greater mixing occurs when the phase difference is 90° than when it is 180°.26 With a phase difference of 180°, the pulsing is temporally symmetric (discounting the effect of the base flow). During the first quarter cycle, the first inlet flow rate is positive Analytical Chemistry, Vol. 76, No. 16, August 15, 2004
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 Figure 9. Visualization of the flow of aqueous solutions in 800 µm wide by 500 µm deep channels with a base flow Reynolds number of 2.5: (a) with no pulsing, (b) with pulsing (St ) 0.15, PVR ) 1.25) at 1 Hz, leading to relatively poor mixing, and (c) with pulsing (St ) 1.45, PVR ) 1.25) at 10 Hz, showing very good mixing of the two liquids. Solutions flow in the outlet channel at 1.55 µL/s (a mean velocity of 4.1 mm/s).
 
 and ramping up while the second inlet flow rate is negative and becoming more negative. During the next quarter, the first inlet flow rate is positive but decreasing and the second inlet flow rate is negative but also approaching a zero flow rate. The two flow rates are symmetric. Both flow rates can be treated as sinusoids, 180° out of phase, and are symmetric about the peaks. The next two-quarters of the pulse cycle are like the first two, only the first inlet behaves as the second one did and vice versa. If the base flow rate were absent, during the second half of the pulse cycle both plugs of fluid would return to where they started from at the beginning of the pulse cycle, indicating that the base flow is necessary for good mixing. In contrast, the 90° phase difference pulsing is not temporally symmetric. While both inlet flow rates are sinusoids, they are 90° out of phase; there is no moment in time about which BOTH pulse waveforms are symmetric. During the second half of the pulse cycle, the first inlet’s flow rate is temporally mirrored. However, the flow rate of the second inlet is not symmetric about this point in time, rather it is symmetric about the quarter and three-quarter points of the cycle. Physical Tests. Physical tests verified that better mixing was observed with higher Strouhal numbers and greater PVRs. However, for PVRs much greater than 2, the pulses became so large that liquid from either inlet A or B would alternately fill the confluence and nearby region of the outlet channel. If good mixing did occur, it occurred farther downstream, outside our field of view. Figure 9 shows three photographs from the physical testing: (a) no pulsed flow mixing and side-by-side flow typical of microfluidics systems; (b) relatively poor mixing characterized by St ) 0.15 and PVR ) 1.25; and (c) good mixing with St ) 1.45 and PVR ) 1.25. A movie, recorded in real time, shows rapid mixing in the same setup, at St ) 2.2 and PVR ) 1.25 (included as Supporting Information). While the photographs do not elucidate whether the two solutions are or are not homogeneous in the direction of the depth of the channel, it can be assumed that the streams are homogeneous in the side-by-side unmixed flow. Since the results from the simulations qualitatively match the photographs of the physical mixing and since care was taken to validate the simulations, we can refer to the simulations for proof that the apparently mixed outlet stream is indeed homogeneously mixed.
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 CONCLUSION Pulsing is a simple way to generate good mixing in a microdevice. It is also easy to implement, by either controlling the speed of the pumps or displacing fluid elsewhere in the system, such as by diaphragms in the device, or in a rudimentary embodiment, by squeezing the tubes running from the pump to the device. There are several salient parameters that affect the mixing efficiency including the Strouhal number, the pulse volume ratio, the Peclet number, the phase difference, and the geometry of the confluence. In general, the larger the number of pulses experienced by a particular plug of fluid, the greater the mixing. A plug can experience more pulses by increasing the pulse volume ratio or by increasing the pulse frequency. Mixing occurs in the confluence region due to the folding of the interface, thereby decreasing the diffusion distance, and may be due to the presence of chaotic advection as well. The duration of contact of the two fluids and the shape of the pulse’s waveform do not have a strong influence on the degree of mixing. Recall that, without any pulsing, the duration of contact required for mixing is on the order of 100 s. However, with pulsing, good mixing is observed after only ∼0.25 s. ACKNOWLEDGMENT The authors are grateful to the New Jersey Commission for Science and Technology for their financial support under Grant 01-2042-007-25, through the New Jersey Center for Micro Flow Control and to the W.M. Keck Foundation for their grant to establish the NJIT W.M. Keck laboratory. We are indebted to Lee Carlson and George Barnes for providing laboratory assistance and to Arnaud Goullet for his programming assistance and theoretical insight. SUPPORTING INFORMATION AVAILABLE Additional information as noted in text. This material is available free of charge via the Internet at http://pubs.acs.org.
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