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“Fluid bearing” effect of enclosed liquids in grooves on drag
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We report details of the fluid motion formed within and above grooves when a laminar
continuous phase fluid flows over a second immiscible fluid enclosed in a grooved
microchannel. Vortical structures within the transverse grooves were caused by a slip
velocity at the fluid-fluid interface and act as “fluid bearings” on the boundary to lubricate
the flow of the continuous phase. We investigated the drag reduction in the laminar flow
in the microchannel by measuring slip at the boundaries and calculating an effective slip
length, taking into account the influence of the effect of the viscosity ratio of the two fluids
on the effective slip length. The “fluid bearing” effect can be used to transport high viscosity
fluids using low viscosity fluids trapped in cavities to reduce drag.
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I. INTRODUCTION

Fluid motion is significantly affected by the properties of the adjacent solid surfaces, such as
roughness and wetting conditions [1]. With the development of micro- and nanofluidic devices and
networks, the increasing large surface-to-volume ratio increases the relative influence of friction on
the flow [2,3]. A rough surface is known to increase drag in turbulent channel flows and the larger
fluid-solid contact area might be expected to slow down the flow for the laminar low Reynolds
number flows characteristic of microfluidic configurations. However, for fluid flows over rough
superhydrophobic surfaces with trapped air, the drag force can be reduced by an effective slip
boundary of the liquid-air interface [4–9]. The liquid-air interface can be substituted by a liquid-
liquid interface in applications of porous media filled with another liquid [10–12] or the lubricant-
impregnated surfaces [13,14], and drag reduction was observed in experiments with rheometers in
both the laminar flow regime [14] and the turbulent flow regime [15]. As microfluidic systems in
a variety of applications may utilize high viscosity fluids, such as viscous oils, sols, and solutions
containing nanoparticles, proteins, or polymers, drag reduction enabled by a fluid-fluid interface can
have potential applications for laminar flows of high viscosity fluids, which is always a challenge
that arises with miniaturization and in tribological applications.

Flows in microchannels are typically laminar [16]. When a fluid is enclosed in the grooves of
a microchannel by another immiscible fluid, the surface is in the Cassie state, and a (periodic)
no-slip/slip boundary condition is formed. One approach to model such a heterogeneous no-slip/slip
boundary is to introduce an effective slip length. The effect of slip length on the drag reduction has
been theoretically analyzed for the case of perfect slip [16]. Recently, more detailed calculations
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have been given for the case of cavities filled with a viscous fluid, and both the theoretical and
the numerical results exhibit a significant effect of the viscosity ratio of the two fluids on the slip
velocity [17,18]. However, there are no corresponding experimental results yet to evaluate the slip
boundary and laminar channel flow with realistic shapes of the fluid-fluid interface, including how
the viscosity ratios of the two fluids influence the slip velocities at the boundary. We report the
results of such experiments, which allow assessment of the idealized mathematical models.

In this work, we constructed microfluidic devices that allow a continuous phase fluid to flow
over transverse-oriented cavities filled with another immiscible fluid to form a Cassie state in the
microchannel. The flow of the continuous phase acts on the fluid-fluid interface, and drives a vortical
flow of the enclosed fluid within the cavities, which act as “fluid bearings” to reduce the drag
on the continuous phase. We study the influence of the viscosity ratio of the two fluids on the
“fluid bearing” effect for water-on-oil, oil-on-water, and water-on-air flows. Microparticle image
velocimetry (μPIV) was used to measure the vortical flow fields within the cavities and the velocity
field along the heterogeneous substrate, which allows an estimate of an effective slip length to be
compared with the effective slip length derived from a direct measurement of the pressure drop as a
function of the flow rate. Although the drainage of the enclosed fluid may cause the failure of the
no-slip/slip boundary [19], the fluid stays trapped in the cavities for all of the conditions we study.

II. EXPERIMENTAL APPROACH

A polydimethylsiloxane (PDMS) microfluidic device was made using soft lithography methods.
The device consisted of two main parallel microchannels: the primary channel for the continuous
phase to be transported and the secondary channel for the enclosed fluid that imparts a slip boundary
condition. The two main channels were connected by an array of side channels, which have wider
openings located along one side of the primary channel, as shown in Figs. 1(a) and 1(b). Two
immiscible fluids were driven into the main parallel channels individually by two separate channels
of a pressure controller (MFCSTM, Fluigent Inc.), which had a pressure output range of 0–1000
mbar with a resolution of 1 mbar. The enclosed fluid was injected into the secondary channel and
filled the array of side channels and the grooves first. Then the continuous phase was injected into
the other main channel to form a continuous flow over the enclosed fluid in the grooves, which
resulted in periodic fluid-fluid interfaces over the grooves along one side of the primary channel, as
shown in Figs. 1(b) and 1(c). The width of the main channel for the continuous phase is 400 μm,
and the total length of the grooved section is 4.5 mm, where the periodic length of the grooves is
300 μm with the width b = 200 μm and the depth h = 100 μm of the cavity, respectively. The
height of the channel is 25 μm. The shape of the fluid-fluid interfaces were kept approximately flat
during the experiments by adjusting the pressure applied on the enclosed fluid. As the difference
between the protrusion angles at different grooves along the same channel can be controlled to less
than 10◦, here we neglect the effect of the shapes of the interfaces [20].

The two immiscible fluids were paraffin oil and an aqueous solution of different concentrations
of glycerol. The viscosity of the paraffin oil is 29.5 mPa s, while the viscosities of the glycerol
solutions were 1.00, 2.13, 6.01, and 35.5 mPa s for concentrations of 0, 25, 50, and 75 wt%
glycerol, respectively. Interchanging the oil and the glycerol solutions enables us to vary the viscosity
ratio N = ηc/ηe from 0.03 to 29.5, where ηc and ηe are the viscosities of the continuous phase
and the enclosed fluid, respectively. The interfacial tension σ between the different combinations
of the paraffin oil and the glycerol solutions is in the range of 19.9–27.7 mN/m. Consequently, in
the experiments, the capillary numbers are Ca = ηcu/σ = O(10−2) and the Reynolds numbers are
Re = ρcudH/ηc < 0.1, where u and ρc are the average velocity and the density of the continuous
phase, respectively, dH = 4C/P is the hydraulic diameter, and C and P are the area and perimeter
of the channel cross section, respectively [8,9]. Therefore, all the flows involved in our experiments
are laminar flows.

To prevent the grooves from wetting by the continuous phase, the groove surfaces were chemically
treated to be nonwetting for the continuous phase. For example, when the enclosed fluid is oil, the
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FIG. 1. The design of the PDMS device and the typical flow field. (a) SEM image of the detailed design.
Two main parallel channels were connected with an array of side channels, with wider grooves fabricated on
one side of the main channel for the continuous phase. The detailed dimensions of the grooved channel are
shown in Fig. 5(a) and Appendix A. (b) The grooves were filled with the enclosed fluid, which was seeded with
fluorescent particles for μPIV measurements. (c) The velocity distributions of the enclosed fluid in the grooves
obtained by μPIV. The flow of the enclosed fluid forms vortical structures in the grooves.

groove surfaces were treated to be hydrophobic by flowing octadecyltrichlorosilane (OTS) into
the grooves prior to the experiments. Otherwise, the grooves were filled with water to maintain a
hydrophilic condition soon after the bonding of the plasma-treated PDMS channel and the glass
slide.

The aqueous solution was seeded with 1-μm-diameter fluorescent particles and the velocity
distributions were measured using μPIV. Image pairs with a delay time of 7 μs between two
exposures were acquired from μPIV, and 150 image pairs were averaged in time to obtain velocity
profiles with a spatial resolution of 5.2 μm × 2.6 μm. For example, when aqueous solution was
used as the enclosed fluid, stable vortices were observed in the grooves, as shown in Fig. 1(c);
the trapped fluid acts as “fluid bearings” embedded in the grooves, and the slip velocities at the
fluid-fluid interfaces can be measured.

In addition, the average flow rate of the continuous phase was monitored by a flow flux sensor
(Fluigent Inc.) with a resolution of 0.5 μL/min. A straight channel with the same dimensions as the
primary channel, which had no grooves on the side wall, was made as a reference in the same device.
The average flow rate of the continuous phase in the grooved channel is defined as Qg, while the
average flow rate of the continuous phase in the simple straight channel with no grooves is defined
as Q0.

III. EXPERIMENTAL RESULTS

We first investigated the slip velocity at the fluid-fluid interface and the effect of the viscosity
ratio N . The motion of the fluid-fluid interface created a vortical structure, and so acted as a slip
boundary for the continuous phase flow, as shown in Fig. 2(a). Also, we report the results for
N = ηc/ηe = 13.8, 4.9, 0.83 with a fixed driving pressure 400 mbar of the continuous phase, where
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FIG. 2. The velocity distribution of the enclosed fluid in the grooves. (a) The velocity distribution of a single
vortex in a groove for N = 13.8. The driving pressure of the oil is 400 mbar. (b) The normalized velocities
uc/umax at the fluid-fluid interface for N = 0.83, 4.9, and 13.8, respectively, where umax is the maximum
velocity at x = 0 for Nref = 13.8. The dashed lines are the theoretical results derived according to Eq. (1) with
D = 0.027.

the continuous phase was paraffin oil and the enclosed fluids were 25, 50, 70 wt% glycerol solutions,
respectively, as shown in Fig. 2(b), where x denotes the flow direction and b is the width of the
groove. We measured the x component of the velocity distribution uc(x) of the enclosed water phase
at the interface, and observed that uc(x) had an elliptic profile with a maximum velocity uc(0) at
x = 0. As the viscosity ratio N decreased, which corresponded to an increase of ηe, the value of
uc(0) decreased accordingly. Therefore, the highest velocity umax in the experiments is uc(0) at the
interface between oil and the aqueous solution with Nref = 13.8, and the velocities uc in Fig. 2(b)
have been normalized with uc/umax.

The flow along a heterogeneous substrate with periodic fluid-fluid interfaces can be interpreted as a
Navier slip condition. Detailed fluid dynamical models assume the interface is flat and treat the flow in
each cavity using the continuity of velocity and shear stress, i.e., uc = ue and ηc∂uc/∂y = ηe∂ue/∂y,
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where the subscripts c and e represent the continuous and enclosed fluids respectively, and y is
normal to the boundary. For |x| � b/2 and y = 0, an effective slip boundary condition at the
boundary [17] is expressed as uc = Nγ (x)∂uc/∂y, where γ (x) = 2D[(b/2)2 − x2]1/2 is the local
slip length distribution caused by the flow of the enclosed fluid in the grooves and D = γ (0)/b is
the normalized maximum slip length, which depends on the shape of the grooves and the center of
the vortices in the low-Reynolds-number flow [21]. Consequently, the normalized velocity uc/umax

can then be obtained as

uc

umax
= N

Nref

(
1 + 4DN

1 + 4DNref

)√
1 −

(
x

b/2

)2

, (1)

where we have given details in Appendix B. Here, the slip is considered to be caused mainly by
the hydrodynamics of the fluid inside the grooves while molecular slip is negligible. According to
Eq. (1), the slip velocity for the continuous phase flow has an elliptic profile and is approximately
proportional to the viscosity ratio N . The theoretical results of the normalized slip velocity, uc/umax,
are represented by the dashed lines in Fig. 2(b), and they show good agreement with the experiment
results, taking into account the influence of the viscosity ratios. Therefore, the fluid-fluid interfaces
change the no-slip boundary of the solid surface to a periodic no-slip/slip boundary, hence a slip
velocity can be designed by the grooves shape and the viscosity ratios of the two fluids.

We then investigated the effective slip length of the “fluid bearing.” The fluid-fluid interfaces
distributed along the channel wall form a periodic fluid-to-solid boundary for the flow of the
continuous phase, as presented in Fig. 3(a). In Fig. 3(a), the width of the main channel for the
continuous phase is 100 μm, and the total length of the grooved section is 6 mm, where the periodic
length of the grooves is 300 μm with the width b = 100 μm and the depth h = 50 μm of the cavity,
respectively. The height of the channel is 25 μm. The increased velocity at the fluid-fluid interface
will raise the average velocity along the entire boundary, and results in an effective slip length.
Here we compared two different methods to estimate the effective slip length of the heterogeneous
channel: One is to measure the velocity gradient with the μPIV method; the other is to directly
measure the pressure-induced variation of the flow rate.

For the μPIV method, the effective slip length beff is calculated based on the average velocity
profiles ux|y=0 = beff(dux/dy)|y=0 [20]. To acquire the velocity gradient dux/dy of the continuous
phase, the velocity variation along the y axis, ux(y), was measured using the μPIV method, as shown
in Figs. 3(b) and 3(c), where the continuous phase was a glycerol solution and the enclosed fluid
was paraffin oil. The measured velocity at the same y position was averaged both in time and in
space, and a least-square linear fitting was performed for these averaged data below y = 15 μm.
Thus, from the finite velocity extrapolated at y = 0, we obtain beff from the fitted lines in Fig. 3(d).
The effective slip length beff was found to increase with the increase of the viscosity ratio N ; the
continuous phase with higher viscosity has a smaller velocity gradient dux/dy approaching the
boundary, which results in a larger effective slip length.

For the direct measurement method, the effective slip length [15] λeff for a channel with a
rectangular cross section of width W and height H [8,9] is evaluated according to the measured flow
rate

λeff =
(

Qg

Qo
− 1

)
H

3
, (2)

where we have given details in the Appendix C. According to the measured flow rate under different
driving pressures in Fig. 4(a), we evaluated λeff with Eq. (2) as shown in Fig. 4(b), where λeff is
independent of the driving pressure, but depends on the viscosity ratio N .

We compared the effective slip length obtained from the two methods, beff and λeff, in Fig. 4(c),
and found the best fit line has a slope about 0.9, which indicates the two methods give similar results;
the bias of the fitted line indicates that the μPIV method underestimated the effective slip length.
In addition, the larger effective slip lengths characteristic of higher viscosity ratios indicate, not
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FIG. 3. The slip length measured in a grooved channel. (a) The periodic fluid-fluid interfaces under a driving
pressure for the continuous phase of 400 mbar. The detailed dimensions of the grooved channel are shown
in Fig. 5(b) and Appendix A. (b) The x component of velocity, ux, on the grooved surface. The fluid-fluid
interface and the solid surface form a periodic no-slip/slip boundary for the continuous phase. (c) The measured
x component of velocities of the continuous phase (N = 1.2) at different y positions, where y1–y5 are 5, 8, 11,
14, 17 μm, respectively. (d) The measured average velocity distribution near the channel wall, where the dashed
lines represent the linear fits for the effective slip length of the continuous phase with different viscosities.
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FIG. 4. Effective slip length and drag reduction of the fluid bearing effect. (a) The measured flow rates
of the continuous phase fluids under different driving pressures in the water-on-oil system. The lines are the
linear fitted results of Qg. (b) Effective slip length λeff obtained from the direct measurement method with
N = 1.2 (squares), 0.2 (circles), 0.07 (triangles), and 0.03 (diamonds). The dotted lines indicate the average
values. (c) Comparison of the effective slip lengths beff and λeff evaluated with the μPIV method and the direct
measurement method. The experimental values and error bars of λeff (circle symbols) are obtained from the
experimental results in (b). The dashed line is the linear fit line with a slope of 0.9. (d) The effect of the viscosity
ratio N on the drag reduction. The driving pressure of the continuous phase for all the experimental data was
400 mbar except for the water-on-air flow, for which the driving pressure was 200 mbar.

surprisingly, that a more viscous fluid can be transported more efficiently with less drag force by
flowing over an immiscible fluid with lower viscosity enclosed in grooves.

Next, we demonstrated the effect of the viscosity ratio N on the fluid bearing effect. Three
kinds of fluid systems including water-on-oil, oil-on-water, and water-on-air systems were used to
cover the range of N from 10−2 to 101. For the water-on-oil flow, the continuous phases were the
glycerol solutions with different concentrations while the enclosed fluid was paraffin oil, and the
viscosity ratio N was O(10−2 − 1). For the oil-on-water flow, the continuous phase was paraffin oil
while the enclosed fluids were the glycerol solutions with different concentrations, and the viscosity
ratio N was O(1 − 10). For the water-on-air flow, water flowed over the cavities filled with air,
so that the viscosity ratio N = 56. The percent change in drag reduction of the continuous phase,
(Qg − Q0)/Q0 × 100, was plotted with the increasing viscosity ratios for the three fluid systems, as
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shown in Fig. 4(d). The measured drag reduction effect increases as the viscosity ratio N increases,
and the highest drag reduction of 23.5% is achieved on the water-on-air flow, which also agrees with
the drag reduction result of the water flowing on a bubble mattress [19]. This result verifies that
higher viscosity ratios result in larger drag reduction: the viscous fluid can be transported with less
drag force by choosing fluids with lower viscosity as the fluid bearing. The fluid bearing effect has
potential applications in microfluidics since the surface area to volume ratio increases as systems
are scaled down.

IV. CONCLUSION

In summary, we fabricated microfluidic devices to flow viscous fluids over an immiscible fluid
trapped in grooved channels. The fluid-fluid interface forms a no-slip/slip boundary for the continuous
phase fluid flowing over it and vortices are formed in the grooves. Even for the modest protrusion
of the fluid-fluid boundary into the main channel, the measured slip velocity at the fluid-fluid
interfaces and the resultant effective slip length for the periodic no-slip/slip boundary agree with
the theoretical predictions that assume a flat interface. Therefore, the vortices of the enclosed fluid
act as a fluid bearing to lubricate the viscous flow in the microchannel, and the total drag reduction
for water-on-oil, oil-on-water, and water-on-air fluid systems were measured for different viscosity
ratios. This fluid bearing effect helps to overcome the increasing drag generated in the flow of high
viscosity fluids in microchannels.
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APPENDIX A: GEOMETRICAL DIMENSIONS OF THE GROOVED MICROCHANNELS

Two different designs were utilized in the experiments, and the detailed dimensions of the designs
are shown in Fig. 5. The design used in Figs. 1 and 2 is shown in Fig. 5(a), where the grooves are
larger and close to each other, so that the design better illustrates the vortical structure of the flow
field in the grooves. The design used in Figs. 3 and 4 is shown in Fig. 5(b), which gives better control
on the shape of the fluid-fluid interfaces. Therefore, the shapes of the fluid-fluid interfaces at all the
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FIG. 5. The geometrical dimensions of the grooved microchannels used in the experiments. (a) The design
used in Figs. 1 and 2. (b) The design used in Figs. 3 and 4. The height of all the channels is 25 μm.
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grooves could be kept approximately flat during the experiments, so that we could neglect the effect
of the shapes of the interfaces on the slip length and drag reduction.

APPENDIX B: NORMALIZED SLIP VELOCITY AT THE FLUID-FLUID INTERFACE

As shown in Fig. 2(a), for |x| � b/2 and y = 0, an effective slip boundary condition at the
boundary is expressed [17] as uc = Nγ (x)∂uc/∂y, where uc is the x component of the velocity,
∂uc/∂y = τc/ηc, τc is the shear stress, γ (x) = 2D[(b/2)2 − x2]1/2 is the local slip length distribution
caused by the flow of the enclosed fluid in the grooves, and D = γ (0)/b is the normalized maximum
slip length, so that uc can be expressed as

uc(x) = NDb
τc

ηc

√
1 −

(
x

b/2

)2

. (B1)

For transverse flow over a rectangular cavity of depth h, width b, and infinite extension in the z

direction, the normalized maximum slip length D is defined as

D = d0erf

(√
π

8d0
A

)
, (B2)

where the aspect ratio A = h/b and the constant d0 = 0.124 [17]. Consequently, in Eq. (B1), D

is a constant for the same geometry used in the experiments. In addition, according to Ref. [17],
the shear stress can be defined as τc = τ∞/(1 + 4DN), where τ∞ is a given shear stress at infinity.
Then, according to Eq. (B1), uc can be further expressed as

uc(x) = N

1 + 4DN

τ∞
ηc

Db

√
1 −

(
x

b/2

)2

, (B3)

where the value of τ∞Db/ηc is a constant in different experiments with the same geometry and
the same continuous phases. According to Eq. (B3), uc(x) has an elliptic profile with a maximum
velocity at x = 0 as

uc(0) = N

1 + 4DN

τ∞
ηc

Db. (B4)

We use a normalized velocity when discussing the effect of the viscosity ratio N on the velocity
distribution. We define a reference viscosity ratio Nref and the corresponding velocity uref at the
interface, and get the normalized velocity as

uc(x)

uref(0)
= N

Nref

(
1 + 4DN

1 + 4DNref

)√
1 −

(
x

b/2

)2

, (B5)

which leads to Eq. (1) in the main text.
For a rectangular cavity with the aspect ratio A = 1/2, Eq. (B2) gives D = 0.098. In our

experiments, as the cavity is located on the side wall of the channel, the channel has a finite value of
the dimensions in both y and z directions. Therefore, the fitted value of D = 0.027 is correspondingly
smaller than 0.098. Although the amplitude of the corresponding velocity is smaller than that in the
flow configuration with infinite extension in the y and z directions, the velocity distribution at the
fluid-fluid interface maintains a similar shape and similar variation with different viscosity ratios.

APPENDIX C: EFFECTIVE SLIP LENGTH IN A RECTANGULAR MICROCHANNEL

In laminar flows, using the Navier slip boundary condition, the volume flow rate per unit length
q of fluid in pressure-driven flow between two infinite parallel plates separated by a height H can
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be expressed as [8]

q = H 3

4η


p

L

(
1

3
+ λeff

H

)
, (C1)

where η is the viscosity, 
p/L is the pressure gradient along the flow direction with the length of
L, and λeff is the effective slip length. For laminar flow in a microchannel, which has a rectangular
cross section with width W � height H , the volume flow rate can be expressed as [8,9]

Q = WH 3

4η


p

L

(
1

3
+ λeff

H

)
, (C2)

while the general form of the flow rate in a rectangular channel can be expressed as [9]

Q = WH 3

cη


p

L

(
1

3
+ λeff

H

)
, (C3)

where c is a constant, which is related to the geometry and can be obtained empirically. Therefore,
the effective slip length λeff can be deduced from Eqs. (C2) and (C3) as

λeff =
(

Q

Qo
− 1

)
H

3
, (C4)

where Q0 is the volume flow rate in a microchannel with the same dimensions but without any slip,
i.e., λeff = 0.
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