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Abstract Non-mechanical pumping in microfluidic devices has emerged as a promising option for the pumping
of biomolecules. Capillary filling due to dominant surface forces at the micro-scale is one such non-mechanical
pumping approach. The ability of the pumping due to the capillary filling process is dictated by the surface energy
of the channel surface and the physical properties of the liquid. The primary limitation for such surface tension
driven flow is the induced drag caused by the inherent viscosity of the liquid and to determine the magnitude of
this drag force, due to viscous drag, knowledge of velocity profile across the channel is of utmost priority. The
capillary imbibition process is an intrinsically transient process and in this study the commonly adopted notion of
fully developed velocity profile is experimentally verified. In such flows three different regimes along the flow
can be found, i.e., surface forces dominant regime–behind the air-liquid interface, developing flow regime–where
the viscous forces and surface forces are comparable to each other, and the developed regime–where the viscosity
dictates the flow dynamics. In this study three different regimes along the microchannel (developing, developed and
behind the liquid-air interface) for Newtonian and non-Newtonian liquid are studied, using micro- particle image
velocimetry (µPIV). It is evident that, in the surface tension dominant regime the velocity near the wall region is
the maximum as opposed to the developed regime where the velocity at the center of the channel is maximum. The
shifting of the maximum velocity location from near wall region to center of the channel resembles conventional
pressure driven flow dynamics. Nonetheless, in the case of the capillary imbibition process, the center line velocity
never attains a constant magnitude. The obtained results allowed the determination of different length and time
scales for three different regimes. A propose simplified theory for entrance length, in the case of capillary filling,
suggests that the entrance length is exclusively dependent on the Ohneserge number (ratio between the viscous to
surface tension force) and the wettability of the surface. The entrance length i.e., the distance from the inlet of the
channel at which the velocity profile attains the developed velocity profile is also determined from the experimental
results and is further compared with the theoretically proposed correlation. The fluid with different viscosities and
surface tension is used to change the magnitude of viscous and surface forces. This set of results is validated against
the proposed correlation for entrance length. It is the ultimate aim of this study is to propose a simple mechanism
for the measurement of viscosity for a liquid using the velocity profile information. This is crucial for complex
liquid particularly for non-Newtonian fluids where the conventional rheological measurements are not only time
consuming but also requires state-of-the-art facility to obtain the measurements.
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1 Introduction

Theoretical analysis of capillary process has been well studied and understood [1] [2]. The autonomous pump-
ing ability allowed capillary filling process as a promising option as a passive pumping in microfludic devices
[3]. Capillary pumping is also used to design cooling system in electronic packaging [4] and delivery system
of µ-TAS (micro total analysis system) in the area of medicine and biology [5]and to produce nanowires and
nanorods in microfabrication designs [6][7]. From theoretical point of view capillary filling process is due to
the abundance of the surface forces or the surface energy and wettability of the substrate. The ability or pump-
ing power of this autonomous pumping is mainly dictated by the physical and interfacial properties. Several
theoretical approaches have been developed so far to predict the imbibition of liquid due to capillry action. In
general the driving force is balanced against the resistive force which is the viscous drag due to the inherent
physical properties of the liquid. The knowledge of the velocity profile across the channel is an utmost require-
ment to quantify this viscous drag. In most of the cases the fully developed velocity profile is assumed to obtain
the magnitude of the viscous drag. In this study, the assumption of fully developed velocity profile is verified
against the experimental observation. The experimental analysis is further extended for non-Newtonian fluids
and the velocity profile development in such cases is analyzed experimentally.
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Capillary filling of non-Newtonian fluid is one of the complicated scenarios. Whether the case is underfill-
ing of epoxy encapsulant in electronic packaging [8] , blood flow [10] or the viscoelastic flow through porous
media [9]. In such scenarios fluid is non-Newotonian and shear dependent viscosity plays a major role in the
capillary filling process. Since most of the fluids used in practice has a non-Newtonian characteristics such as
blood, polymeric solution, DNA in such cases the functional relationship between viscosity and capillary filling
needs to be understood.

In this paper the capillary filling of non-Newtonian fluid is analyzed experimentally and results are com-
pared with the traditional theoretical model. The objective of this paper is to examine the capillary filling
process for both Newtonian and non-Newtonian fluid in square shaped vertically aligned capillary channel. So
far, Capillary filling of only power law fluid has been studied experimentally [12] and analytically [13]. But the
comparison between the experiential results and analytical model has not been studied in detail [11].

2 Experimental setup

Fig.1 shows the experimental setup which was developed to capture the velocity profile across the channel
during the imbibition of liquid due to capillary action. A square glass tubing (VitroTubesTM, Vendor: VitroCom,
Product No.8240) was used as a capillary of 400µm×400µm and length of 8cm. The special holder was
designed to hold the capillary in perfectly vertical orientation. The liquid reservoir was placed underneath the
capillary and reservoir level was adjusted using knob of the adjustable-height table. The liquid reservoir was
brought in contact with the bottom of the capillary by turning the knob very slowly so that the imbition of
liquid is merely due to the capillary action. The field of view for the camera (Phantom V711, Vision Research,
Ametek,Inc.) was set at 2cm from the bottom of the microchannel, to avoid the entrance effect. The camera was
carefully focused at proportionate plane across capillary i.e., approximately in between the front and back wall.
A light source (Fiber light, MI-152) was used in line with the view of the camera with back light illumination
arrangement.

Fig. 1 Setup of the experiment
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Fig. 2 Schematic of the PIV setup

Water was used as the Newtonian fluid whereas polyacrylamide-water solution was considered as a non-
Newtonian fluid. Polyacrylamide solution was prepared using granular polyacrylamide powder of bulk density
0.7gmcm−3 and particle size 1000µm. Powder was slowly added in 100ml of DI water to get 0.1% concentra-
tion of the solution. To mix up the solution a magnetic stirrer was used with 100rpm for 3 hours [14]. Non-
Newtonian parameter of this solution was measured using a double gap cylinder type rheometer (RheolabQc).
The Power law index was measured n = 0.44 and consistency index was measured m = 0.28. Fluorescent parti-
cles (Fluoro-MaxTM, CAT.No R0200) of 2µm of diameter was used as tracer particles. The image was captured
using the PIV setup whose schematic diagram is shown in Fig.2 [15]. In the case of water as a test fluid, the
images were captured with 18000 fps (frame per second) whereas for polyacrylamide solution fps was 1300.
An infinity corrected objective lens of 20X was used to obtain the field of view of 550µm×480µm.

3 Image-Processing

A commercial image processing software (Davis 8.2, LaVision GmbH.) was used to do the PIV processing.
At first step image was inverted with an appropriate scale to get brighter image of the particle. A geometric
mask was defined to reduce the background noise and get the fully developed flow region in the processing
field of view. For vector calculation sequential cross correlation method is used with multi pass decreasing
size iterations. For first pass the window size was 96× 96 with 50% overlap and for second pass the window
size was 64× 64 with 87% overlap. Processed vector files were then used by a commercial software package
(Matlab2014a) for plotting velocity profile and calculating average centerline velocity. Average centerline
velocity was calculated by averaging all the velocity vector in a 3× 3 area in the center for each frame of
image.

4 Results

Capillary filling for Newtonian fluid is analyzed both experimentally and theoretically during the traveling of
the water-air interface along the field of view. Fig.3 shows the development of flow field behind the moving
interface and subsequent changes in the trailing velocity field is presented from six different time steps. A color
map represents the scale of the velocity vector. Fig.3(a) shows the flow field at time t = 8.2ms and Fig.3(b)-(f)
show subsequent flow field with time difference of 4.1ms. In Fig.3(a) maximum velocity is observed at three
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phase contact line, i.e., near the wall region. This is due to no slip condition at the wall to free slip condition at
the contact surface. It is to be noted that for theoretical modeling approaches the velocity profile is assumed to
be parabolic shape velocity profile. From raw data as well as from Fig.3(a)-(f) it was evident that the shape of
the meniscus remained unaltered during the transport, hence one can conclude that the variations in the dynamic
contact angles can be neglected. From Fig.3(c)-(e) it is evident the maximum velocity regime is shifted from
near wall to the center of the channel.

Fig. 3 Velocity profile of water at time (a) t = 8.2ms, (b) t = 12.3ms, (c) t = 16.4ms, (d) t = 20.5ms,
(e) t = 24.6ms, (f) t = 28.7ms
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In the case of non-Newtonian fluid (polyacrylamide solution), we get similar kind of result which is shown
in Fig.4. The shape of meniscus was not symmetric. The raw data suggests the presence of precursor film for
non-Newtonian fluid which was not observed in the case of water. Moreover, the shape of the interface was
different during the imbibition process. The analysis of three phase contact line of non-Newtonian fluid needs
to be studied in greater detail to comment on such observation. The change in the surface tension magnitude
(for polyacrylamide solution the surface tension magnitude was measured using pendant drop as 50mN/m and
contact angle was approximately the same as water which is 7◦). Fig.4(a)-(e) show subsequent flow field with
time difference of 30.6ms.

Fig. 4 Velocity profile of Polyacrylamide solution at time (a) t = 83.1ms, (b) t = 113.8ms, (c) t = 152.3ms,
(d) t = 183.1ms, (e) t = 213.5ms, (f) t = 242.3ms
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It is evident that the development in the velocity profile is similar for Newtonian and non-Newtonian case.
In most of the theoretical approaches the velocity profile is assumed to be fully developed velocity profile which
is further used to determine the viscous force. Hence experimental result is used to validate this assumption.

4.1 Theoretical prediction of velocity profile

A theoretical model is developed for capillary rise of non-Newtonian fluid in a microchannel with a square
shape cross section[16]. The position of the origin is at the intersection with centerline of the microchannel and
top surface of the fluid in the reservoir [16]. Here the capillary rise is defined as the distance between the origin
and the lowest peak of the meniscus. Conservation of momentum is the basis for this theoretical model. Fluid is
assumed to be homogeneous, non-Newtonian and incompressible. For a control volume of fluid present inside
the capillary of side length 2B the conservation of momentum along z direction can be written as[17];

∑Fz =
∂

∂ t

[∫ h

0

∫ B

−B

∫ B

−B
ρvz dxdydz

]
+
∫ B

−B

∫ B

−B
vz (−ρvz) dxdy (1)

In the case of non-Newtonian fluid, the power law model is used. For power law fluid

τ = m
(

dvz
dx

)n

µe f f = m
(

dvz
dx

)n−1

here m is the consistency index and n is the power law index. For this model it is assumed that flow attains fully
developed velocity instantly and for vz (fully developed velocity profile), flow between parallel plates will be
used. For power law fluid the fully developed velocity profile is

vz =
3
2

dh
dt

[
1−
( x

B

) n+1
n
]

(2)

where dh
dt is the displacement rate of the flow front. As no external forces is considered for this model ∑Fz

(summation of all forces considered for this modeling) consists of five different forces that act on the control
volume along z direction. Which are viscous force(Fv), pressure force at the flow front (Fp f ), pressure force at
the inlet (Fpi), gravity force(Fg) and surface tension force (Fs). For fully developed flow the viscous force can
be determined as [17]

Fv = 4
∫ h

0

∫ B

−B

(
m
(

dvz

dx

)n)
x=±B

dxdz = 8m
(

3n+3
2Bn

)n(dh
dt

)n

(3)

The detailed analysis of theoretical modeling and details of pressure force at the inlet of the channel, gravity
force and surface tension force can be found elsewhere [17]. The pressure field at the inlet of the channel for
non-Newtonian fluid can be expressed as[17][18].

p(x,y,0) = Po −

[
1.11ρB

d2h
dt2 +1.158ρ

(
dh
dt

)2

+
1.772

B
m
(

3n+3
2Bn

)n−1(dh
dt

)n
]

(4)

Using Equations 2-4 and forces defined earlier one can obtain the Equation 1 in the form of differential equation
which can be solved using Runge-Kutta 4th order method to obtain the transient variation in the penetration
depth, h. The obtained differential equation is
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(5)

where σ is the surface tension, cosθd is the dynamic contact angle, ρ is the density of the fluid and g is the
gravitational acceleration.
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Fig. 5 Fully developed velocity profile at different time step for (a) water and (b) polyacrylamide solution from theoretical
modeling
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Fig. 6 (a) Capillary rise and (b) Average centerline velocity as a function of time

Paper ID: 133 7



10th Pacific Symposium on Flow Visualization and Image Processing
Naples, Italy, 15-18 June, 2015

Fig.5 shows the difference between the shape of velocity profile for Newtonian and non-Newtonian fluid
at different time step. The fully developed velocity profile for water across the channel width is presented in
Fig.5(a) where the assumption of fully developed velocity profile reflected in the shape of the velocity profile.
In the case of the capillary filling process as the flow progresses the resistance to flow due to viscous drag and
gravity increases which in turn retards the transport. Therefore, the decrement in the centerline velocity can be
observed as presented in Fig.5(a)

In the case of non-Newtonian fluid, as presented in Fig.5(b), the shear thinning nature of liquid flattened the
velocity profile across the channel. As observed in the case of Newtonian fluid, in case of non-Newtonian fluid
also the centerline velocity retards with respect to time. Compared to the Newtonian fluid, a symmetric curved
velocity profile with a flat portion in the center is observed for non-Newtonian fluid. This velocity profile
is observed due to shear thinning characteristics of the fluid. Near the wall, due to induced shear stress the
viscosity is higher than in the center of the channel. Although the flat portion of the velocity profile remained
same in the subsequent profiles the centerline velocity decreased with time. In comparison with the Newtonian
fluid the decreasing rate of the centerline velocity for non-Newtonian fluid, is much faster.

In Fig.6(a) we can observe the capillary rise as function of time for different fluid. For different kind of
liquids the capillary rise increases asymptotically and eventually attains the equilibrium height. It is evident that
shear thinning fluid reaches equilibrium height much quicker as compared to the shear thickening fluid. It is due
to the fact that the shear thinning fluid travels faster due to decreased viscosity. In the case of centerline velocity
as depicted in Fig.6(b) for shear thinning fluid it increases asymptotically due to decrement in viscosity from
induced shear stress from the wall. The centerline velocity from experimentally observed results is compared
with the theoretically observed variations.

Fig.7 shows the centerline velocity from experimental results. Although the magnitude of the centerline
velocity is different from theoretical model, the obtained results followed the proposed theory. It is to be noted
that the theoretical model is developed based on the fully developed velocity. Moreover, the velocity profile
considered in this analysis assumes the width of channel is very small compared to the depth of the channel.
Ideally for square capillaries double parabolic profile needs to be considered.
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Fig. 7 Average centerline velocity with time for (a) water and (b) polyacrylamide solution
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5 Conclusion

The capillary filling process in a vertical channel is analyzed experimentally and compared with the theoretical
model. Effect of non-Newtonian fluid in capillary filling process was rectified. From the theoretical modeling
and experimental results it is observed that shear thinning fluid reaches the fully developed velocity profile
faster than any Newtonian or shear thickening fluid. As the shape of velocity profile is dependent on viscosity,
an empirical model can be developed from experimental result to measure the viscosity of the fluid. For further
development of theoretical modeling some assumptions about the flow needs to be understood more precisely.
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