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Microfluidic rheology of methylcellulose solutions
in hyperbolic contractions and the effect of salt
in shear and extensional flows†

Benjamin L. Micklavzina, Athena E. Metaxas and Cari S. Dutcher *

Methylcellulose solutions are known to form microfibrils at elevated temperatures or in the presence of

salt. The fibrils have a significant impact on the solution’s rheological properties. Here, the shear and

extensional properties of methylcellulose solutions with added salt are measured using hyperbolic

microfluidic channels, allowing for new characterization at lower molecular weights and higher shear

and strain rates that are difficult to access by macroscale rheology studies. 1 and 2 wt% methylcellulose

solutions with molecular weight of 150 kg mol!1 with NaCl content between 0 to 5 wt% have been

characterized. All solutions were found to be shear thinning, with power law thinning behavior at shear

rates above 100 s!1. The addition of NaCl up to 5 wt% had only small effects on shear viscosity at the

shear rates probed (100 s!1 and 10 000 s!1). Extensional viscosities as low as 0.02 Pa s were also

measured. Unlike the results for shear viscosity, the addition of 5 wt% NaCl caused significant changes in

extensional viscosity, increasing by up to 10 times, depending on extension rate. Additionally, all

solutions tested showed apparent extensional thinning in the high strain rate regime (4100 s!1), which

has not been reported in other studies of methylcellulose solutions. These findings may provide insight

for those using methylcellulose solutions in process designs involving extensional flows over a wide

range of strain rates.

Introduction
Converging geometries and extensional flows are present in
many important industrial processes and geometries from inkjet
printing and extrusion to nozzle and cross-slot geometries.1–3

While a variety of approaches exist to study the rheological
properties of complex liquids in extensional flows,3,4 standard
macroscale techniques are limited in the deformation rates and
viscosities accessible. One of the more difficult flow regimes
to probe involves dilute polymer solutions of low extensional
viscosity (e.g., o100 mPa s), low polymer relaxation time (e.g.
o1 ms), or high strain rate (e.g. 41000 s!1). For this reason, there
has been increased interest in using microfluidic platforms to
study extensional flows, since the microscale characteristic length
scales allow users to probe fluids in these low fluid viscosity, high
flow rate conditions simply and reliably.3,5–8

Methylcellulose (MC), a water-soluble food grade branched
polymer, is used in a variety of commercial and scientific
applications. MC-containing aqueous solutions demonstrate
interesting rheological behavior, transitioning reversibly from

a liquid to a gel at elevated temperatures or in the presence
of salts due to the formation of condensed microfibrils in
solution.9–11 Using a macroscale capillary breakup extensional
rheometer (CaBER), Morozova et al.10 found that the exten-
sional viscosity of methylcellulose solutions with molecular
weight 530 kg mol!1 and concentrations up to 1% by weight
increased with the addition of NaCl, which is attributed to the
presence of microfibrils dominating the apparent extensional
properties of the solution. However, the CaBER approach could
not characterize lower molecular weight solutions due to low
relaxation times preventing formation of the elastocapillary
bridge. Here, we use an alternative microfluidic-based method
for measuring both shear and extensional viscosities for low
molecular weight methylcellulose solutions.

For shear flows, some bulk techniques such as parallel plate
geometries or Couette flows can reach high shear regimes,12,13

though accurate analysis of viscometric data requires accounting
for friction heating and resulting flow patterns. This makes a
microfluidic approach to measuring shear viscosity appealing
when probing higher shear rates. Microfluidic shear rheology
generally involves the use of capillary rheometers, where the
sample flows through a narrow rectangular channel.5 Measure-
ments are made of the pressure drop across the channel as flow
rates change, which can then be related to the fluid’s shear
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viscosity. Measurements of extensional viscosity in microfluidic
setups, however, are more complex due to the presence of both
shear and extension in these flows. Nonetheless, extensional
viscosity can be isolated and measured in several ways in micro-
fluidic channels, with geometries including cross slot flows,
droplet breakoff, and hyperbolic contractions.3

Cross slots in particular have been used to isolate and
measure extensional properties of a variety of polymers,
micellar solutions, and biological materials.14–17 Extensional
viscosities can be measured with this technique in several ways,
though the most common methods involve measuring birefrin-
gence, particle trajectories, or pressure drops within the
channel.15 The versatility of this technique makes it appealing
for complex systems and has made it one of the leading
techniques for extensional studies in microfluidics.

Hyperbolic contraction techniques are also attractive for
studying extensional viscosity due to their ability to measure
viscosity at a constant centerline extension rate and fixed total
Hencky strain. In addition, measuring extensional viscosity
with this technique is experimentally simple, needing only
measurements of flow rate and pressure across the orifice.
The range of strains and strain rates accessible differs between
microfluidic techniques, with contractions often used for the
highest extension rates (100–10 000 s!1) with relatively low
Hencky strains (eH B 1–3). These kinds of devices are used to
study extensional viscosity for single phase polymeric solutions
as well droplet flows and emulsions.18–20 Such microfluidic
devices mimic processing conditions in industry settings and
have already been used to study a variety of weakly viscoelastic
fluids, including shampoos, aqueous polymer solutions, and
micellar emulsions.5,7,21

In this study, the shear and extensional properties of
low viscosity methylcellulose solutions containing fibrils are
examined in the presence of varying concentrations of salt, and
measurements of extensional viscosities at high shear and
strain rates using hyperbolic contractions are presented. These
results are compared with prior microfluidic work on similarly
weak viscoelastic solutions to bring context to our findings for
MC behavior. Finally, flow visualization through the hyperbolic
contractions is shown via birefringence measurements to relate
measured properties to fluid stresses. The work discussed here
provides a clear method for studying low viscosity polymer
solutions using a microfluidic setup and extends the range of
understanding of methylcellulose solution properties in shear
and extensional flows.

Materials and methods
PDMS channels are fabricated via soft lithography. In this method,
the channel negatives are photopatterned onto a silicon wafer
using SU8-2050 before being cured through heating. The resul-
tant height of each channel is measured using a KLA-Tencor
Surface Profilometer, with an average channel height of
120 mm. Polydimethylsiloxane mixed with accompanying
cross-linker (Dow-Corning, SYLGARD 184) is prepared in a
10 : 1 ratio by weight and cured on this master wafer overnight

at 70 1C. Individual PDMS devices are then cut out and 1.25 mm
diameter feed holes are punched into the ports shown in Fig. 1
located at the inlet, P1, and outlet, P2. Both the PDMS and the
glass slide it is mounted onto are cleaned with methanol,
isopropanol, and distilled water before undergoing an oxygen
plasma treatment in a Harrick Plasma Cleaner (PDG-32G) for a
minimum of 30 s. The plasma treatment allows the PDMS to
bond to the glass surface, preventing leaks between the channel
and the glass substrate.

To prepare the MC solutions, HPLC grade chromatography
water was heated to 60 1C. For a 50 g total solution of MC,
approximately 25 g of the HPLC grade water at 60 1C was added
to the appropriate mass of MC powder and NaCl and stirred for
10 min. The remaining quantity of water at room temperature
was added to the solutions and stirred for 10 min. Finally, the
solutions were placed into an ice bath and stirred for an
additional 10 min. After the preparation of the MC solutions,
they were placed into a refrigerator at 2 1C for at least 24 h prior
to use and were stored in the refrigerator when not in use. Prior
to any experiments, the solutions were removed from the
refrigerator and annealed at room temperature for 24 h.

The addition of salt in sufficient concentrations is known to
cause both the formation of fibrillar structures and gelation in
methylcellulose solutions (see Fig. 1 in ref. 12 for a schematic of
the fibril structure).9,10,22,23 Temperature-controlled small amplitude

Fig. 1 Schematics (A) and image (B) of the microfluidic channels used to
test shear and extensional viscosity. The schematics (A) represent a 20 mm
long and 250 mm wide shear viscosity channel (top) and hyperbolic
contraction channel for extensional viscosities (bottom). Also shown is a
microscopy image (B) taken of the PDMS hyperbolic contraction shown in
(A, bottom). The direction of flow in (A) is indicated by arrows. The pressure
drop for both channels is found from measurements taken at the hydro-
static ports labeled P1 and P2.
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oscillatory shear (SAOS) rheology taken for complex modulus G*
demonstrates thermoreversible gelation for both 1 wt% and 2 wt%
of 150 kg mol!1 methylcellulose in solution (MC150) and NaCl
salt concentrations up to 8 wt%. The presence of salt causes
gelation at lower temperatures, and at 8 wt% the salt induced
gelling at 20 1C, which is the temperature of the experiments
performed here. Based on these SAOS results, an upper salt
concentration of 5 wt% was determined for the contraction
experiments. This concentration allows for the possibility of
fibril formation while keeping the solutions fluid (not gelled)
during flow. Experimental results for the complex shear
modulus of our MC150 solutions as a function of temperature
and salt concentration can be found in Fig. S1 (ESI†) of the
appendix.

All bulk rheology experiments were performed using a TA
Instruments AR-G2 rheometer. Steady shear rheology experi-
ments used a 21 steel 40 mm cone and plate geometry with a
Peltier plate for heating. The viscosity was measured after
the torque values reached an equilibrium state for each shear
rate ranging from 0.1 to 1000 s!1. The temperature was kept
constant at 20 1C for all steady state shear experiments.
Oscillatory shear rheology experiments were measured using
a cup and bob geometry from 5 1C to 80 1C and back at a ramp
rate of 1 1C min!1 and angular frequency of 1 rad s!1 at 1%
strain. The outer diameter of the rotor was 14 mm, the rotor
height was 42 mm, the cup’s inner diameter was 15 mm, and
the gap height was 5 mm. To prevent evaporation of the
solutions during the temperature ramps, a thin layer of silicone
oil (Sigma Aldrich, 5 cSt, density 0.963 g mL!1, boiling point
4140 1C) was floated on top of the solution.24 The opening at
the top of the cup and bob geometry was also covered with
metal plates. These conditions were selected to match those
used by Morozova et al. to characterize solutions of MC530.10

Steady shear rheometry was performed using the cone and
plate geometry for MC solutions between shear rates of 0.1 s!1

and 1000 s!1, which overlaps with the shear rate range acces-
sible with the microfluidic measurements, to verify the numer-
ical accuracy of the results for samples in the lower shear rate
regimes of this work. These results are displayed in Fig. S2 in
the ESI† section.

For shear viscosity experiments, straight channels such as
the one shown in Fig. 1A were used. The channel widths are
either 250 mm or 500 mm and the channel lengths vary between
5 mm and 20 mm depending on the expected viscosity of the
sample and the tolerance of the pressure sensor. It was found
that results between channels of varied dimensions were
indistinguishable so long as the pressure limits of the sensor
were not exceeded. The flow of MC solutions is driven by a
Harvard Apparatus Pro 11 Elite syringe pump at fixed flow rates
up to 0.15 mL min!1 while the pressure drop between points
P1 and P2 was measured. The pressures were measured by
connecting the P1 and P2 outlets to a 26PC15SMT Honeywell
Wet/Wet Differential Pressure Sensor rated for 15 psi measurements.
The sensors were initially calibrated by measuring the relative
pressure differences between the hydrostatic reservoirs of varied
lengths, using water and several Newtonian mixtures of glycerol

and water. For each trial, measurements are taken from the
highest flow rate to the lowest flow rate, to avoid fluctuations that
were found when low flow rates were used initially. An equili-
bration time of at least 10 min was given to allow pressure
readings to stabilize at the sensor, though equilibration times
as long as 20 min were sometimes used for more viscous
samples. The need for such long equilibration times is likely
due to a combination of factors in our setup, including long
sensor channel tubing (60–70 cm), differences in fluid viscosity,
and varying ranges of flow rates between fluid samples.
Uncertainties in pressure readings were calculated using the
minimum measurable pressure intervals (B200 Pa) and variation
over time (repeated measurements over the course of 1 min).

For extensional viscosity measurements, a similar procedure
was followed using the design featured in the bottom of Fig. 1A
and B. In this case, the geometry of the channel is defined by
the hyperbolically changing width

WðxÞ ¼ 1
1

W0
þ Bx

(1)

where the geometric factor here is B = 20 & 10!6 mm!1 and the
initial channel width is W0 = 1 mm. The contraction length (Lc)
was set at 770 mm. Similar to the shear viscosity experiments,
10 to 15 min equilibrium times were used to allow flows to
stabilize before pressures were recorded. Fluids were not
recycled in either the shear or extensional techniques to avoid
rheological changes due to flow history. Contraction experiments
were first done using water to obtain an extensional viscosity.
This extensional viscosity was later used to normalize results for

the MC solutions using the relation Ze ¼
4Zshear;water
Ze;water

Zmeasured.

To check the plausibility of this method, experiments were
performed with a 50/50 glycerol mixture. The resulting Trouton
ratio was found to be 3.9 ' 0.4, which is plausibly similar to the
expected value of 4 for planar extension.25

For the 1 wt% MC solutions, the Reynolds numbers tested in

the contraction center Re ¼ 2rWcHLc _e
Z0 Wc þHð Þ

! "
spanned the orders

of B10!3–1 and the elasticity numbers El ¼ lZ0 Wc þHð Þ
2rLcWcH

! "

were on the order of B10–102.5 Similarly, the 2 wt% MC
solutions were tested at Reynolds numbers ranging over
B10!3–10!2 and elasticity numbers on the order of 102. Here
Z0 is the shear viscosity at the lowest measured shear rate, Wc is
the width of the channel at the contraction center, H is the
channel height, l is the fluid relaxation time estimated between
30–100 ms from G0 and G00 measurements, r is the fluid density,
and _e is the shear rate. With elasticity numbers greater than 10
and Reynolds numbers on the order of 1 at most, stretching
effects should be more influential than inertial effects on
flow.5,26–28

Visualization of flows via birefringence was performed
separately from the pressure drop experiments, using the same
contraction geometry shown in Fig. 1 (bottom). In this case,
a setup like that of Sun and Huang29 was employed involving a
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rotating polariscope with the first 1/4 waveplate fixed at 451 and
the second 1/4 waveplate fixed at !451 with respect to the
analyzer. A diagram of this setup can be found in Fig. 2. In this
method, an initial reference image was taken of the light
intensity incident on the sample, I0. This intensity was later
compared to the transmitted intensity, I, when both the second
1/4 waveplate and the analyzer were in place. The relative
intensity of light at each point can then be related to the
sample retardance, d, by the relation29

I

I0
¼ sin2

d
2

(2)

The apparent retardance at a given flow rate is normalized by
subtracting the signal at zero flow.

All birefringence measurements were performed using a
single device to minimize the effects of differences in PDMS
on apparent retardance. To increase the channel wall stiffness
and minimize their birefringent response, a ratio of PDMS to
cross-linker of 5 : 1 by weight was used. Also, to increase the
sensitivity of the FastCam Mini AX200 to the changes in
transmitted intensity due to birefringence, the initial reference
image and the measurement image were taken at different
exposure times. The ratio of these exposure times between the
reference and the measurement was 1/6400 s : 1/50 s, with
these fractions corresponding to frame rates in the camera.
Flows were given a minimum of 5 min to equilibrate for these

trials, which is slightly less than previous times from the
pressure drop measurements due to the high flow rates
(i.e., high sample volumes) required to observe large sample
retardance. For these reasons, the results and comparisons
between the pressure measurements and the birefringence
measurements should be considered qualitative.

Before taking measurements, the birefringent response of
PDMS to pressure was determined. Using a 50/50 glycerol/water
solution, which is known to have no birefringent properties,
a retardance change of B10!5 kPa!1 could be observed at the
side walls of the channel, though little effect could be seen in
the channel center.

Results and discussion
Shear microfluidic rheology: theory

To determine the extensional viscosity of a fluid flowing
through a hyperbolic contraction, the shear viscosity must first
be determined. In the extensional viscosity calculations, three
components must be known: (a) the viscous losses in the
channel leading up to the contraction, (b) the viscous losses
across the contraction itself, and (c) the extensional losses
across the contraction. Both the viscous losses in the pre-
contraction channel and in the contraction itself depend on
the shear viscosity dependence on shear rate. The total pressure
drop across the contractions is thus

DPmeasured = DPchannel + DPviscous + DPextension. (3)

Once DPextension is known, then an extensional viscosity can
be calculated using the relation

ZE ¼
DPextension

_eeH
¼ DPextensionH

QB ln
W0

Wc

! "; (4)

where H is the channel height, Q is the flow rate in the channel,
W0 is the width of the channel at the beginning of the contraction,
Wc is the channel width at the center of the contraction, eH is the
Hencky strain, and _e is the extensional strain rate, assuming the

rate of strain follows the relation _e ¼ Q

H
B. If one measures the total

pressure loss across the contraction and estimates the viscous
losses between the sensor channels, then extensional viscosity can
be determined.

However, estimating viscous losses for the DPviscous and
DPchannel terms in eqn (3) requires knowledge of how the shear
viscosity changes with the shear rate in the channels. It is this step
that is often the most challenging. To determine this for the MC
solutions, the pressure drop along rectangular channels (Fig. 1A,
top) at different flow rates was measured. The pressure drop in a
rectangular channel is related to the shear viscosity by the equation1

Z ¼ WHDP
LðW þHÞ

1

_gw
(5)

where DP is the pressure loss in the channel, W is the channel
width, H is the channel height, L is the channel length, and _gw is the
shear rate at the wall. For a Newtonian fluid the shear rate at the

Fig. 2 Above is a diagram of the birefringence setup used to measure and
map sample retardance. Shown are I, the transmitted light intensity, and
I0 the light intensity incident on the sample.
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walls is defined by1

_gw ¼ _ga ¼
6Q

WH
WH

W þH

! " (6)

where _ga is considered an apparent shear rate for a fluid with a
parabolic flow profile. For fluids with shear dependent properties,
flow in the channel is generally non-parabolic and requires use
of the Weissenberg–Rabinowitsch correction for rectangular
channels.1 This corrected shear rate term can be expressed as

_gw ¼
_ga
3

2þ d ln _ga
d ln tR

! "
(7)

where tR is the shear at the wall. It should be noted here that in the

case of a Newtonian fluid, the term
d ln _ga
d ln tR

¼ 1, and the result

reduces to that of eqn (6). In terms of measurable variables, the
corrected eqn (5) can be converted to the form

Z ¼ WHDP
LðW þHÞ

WH
WH

W þH

! "

2Q 2þ DP
Q

dQ

dDP

! " (8)

Shear microfluidic rheology: measurements

Thus, measuring shear viscosities in the rectangular channels
requires only that we measure DP across a channel of known
dimensions W, H, and L as a function of Q. To verify the
pressure measurements, Newtonian fluids with known shear
viscosities were measured (Fig. 3A). The shear viscosities of
both water and two glycerol/water solutions by volume are
nearly constant with shear rate. The pressure sensor was
calibrated so that the average shear viscosity for water was
equal to that of water at 20 1C at 1.0 & 10!3 Pa s. With this in
mind, the measured shear viscosity of the 50 : 50 glycerol/water
mixture was found to be 8.8 & 10!3 Pa s. This compares well
with the expected value from literature of 8.4 & 10!3 Pa s,29

with an error of roughly 5% present in these results. While the
75 : 25 glycerol/water mixture appears similarly Newtonian, it

deviates more from literature values with a measured shear
viscosity of 45 & 10!3 Pa s compared to the literature value at
20 1C of 55 & 10!3 Pa s. This error may be due to temperature
variations in the lab; however, the measured value falls within
5 1C of the literature viscosity.

For the shear-thinning MC150 solutions shown in Fig. 3,
shear thinning can be seen at shear rates greater than B100 s!1

regardless of the amount of MC150 dissolved. In the shear
thinning regime, the solutions behave similarly to a power law
fluid with constitutive equation

Z = m _gn!1
w (9)

where m and n are fitted scalar values specific to the fluid, and
n o 1 for shear thinning solutions. The values of m and n at the
highest shear rates for the MC150 solutions tested are given in
Table 1. Power law fits in this table were done using all data
points from shear rates greater than 300 s!1 so as not to include
the low shear plateau. In the range of shear rates observed, little
difference was found between the shear viscosities of 1 wt%
MC150 with and without added NaCl. Values of the exponent n
at high shear rates were found to be a nearly identical at
n = 0.66, and the magnitude of shear viscosities observed for
these lower MC150 concentrations was 0.05 Pa s at the low
shear plateau. For 2 wt% MC150 solutions, the addition of salt
does not appear to cause significant changes to the power law
exponent. Values ranged from 0.57 ' 0.01 for the solution with
5 wt% NaCl to 0.62 ' 0.03 for the solution with 4 wt% NaCl.
The viscosity at lower shear rates showed some dependence on
NaCl concentration, with the plateau shear viscosity going from
0.44 Pa s without salt to 0.58 Pa s at an NaCl concentration of
5 wt% and a shear rate of 40 s!1. For comparison, Morozova
et al. found that 1 wt% MC530 solutions had power law
thinning for shear rates greater than B10 s!1, and the power
law exponent in the high shear regime was 0.33 for no NaCl
present and 0.55 in 8 wt% NaCl.10 They similarly observed a
change in transition behavior upon the addition of salt, which
included a characteristic increase in the shear viscosity and the
replacement of the Newtonian regime with a shear thinning
regime at low shear rates. The effect of salt on the low shear

Fig. 3 Measured shear viscosities for Newtonian fluids and MC solutions using microfluidic hyperbolic contractions in the presence of added salt. Shown
in (A) are results for water and two glycerol/water Newtonian mixtures. Ratios given are by volume. Results for (B) 1 wt% MC150 and (C) 2 wt% MC150
solutions from slit rheometry are also shown. Error bars represent a variance due to limitations of the pressure sensor.
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regime is thought to be due to the presence of fibrils, which is
consistent with expectations from bulk rheology testing. While
the shear measurements in this work were performed to inform
the extensional viscosity measurements in the following sec-
tions, it should be noted that the results obtained here extends
the range of available measurements for MC solutions to higher
shear rates (1000 s!1 to 10 000 s!1) than those obtained
previously using bulk techniques for MC530.10

Contraction experiments: theory

As mentioned earlier, the extensional viscosity for these solu-
tions is measured by finding the pressure drop across the
contraction setups from Fig. 1. Using this technique to measure
extensional viscosity requires determining two terms associated
with viscous contributions: one for losses in the rectangular
channel region between the sensor ports, DPchannel, and one
associated with the contraction itself, DPviscous. The first of
these terms can be easily deduced using eqn (8) and shear
viscosity data from Fig. 3, but the second term is generally
difficult to discern. A commonly applied method of calculating
the viscous losses in the contraction is given by the lubrication
approximation for a power law fluid,5,30 with the primary result
being of the form

DPviscous ¼
2nþ2

nþ 1

2nþ 1

n

! "n Lc

H

! "nþ1

& W0

W0 !Wc

! "nþ1
! Wc

W0 !Wc

! "nþ1
 !

m_en
(10)

where Lc is the length to the center of the contraction, W0 is the
channel width at the entrance to the contraction, Wc is the
width at the narrowest point of the contraction, and _e is the rate
of strain. Key to this approximation is the assumption that the
width of the contraction channel is significantly larger than the
height, which is not true for these devices near the contrac-
tion’s center. However, contractions with ratios of Wc/H on the
order of 1 have been used in conjunction with eqn (10) to
estimate extensional viscosities in hyperbolic geometries. For
example, Ober et al. used a contraction with Wc = 400 mm and
H = 150 mm to characterize several industrial and commer-
cial surfactant mixtures while applying the lubrication
approximation.5 However, this approach is known to under-
estimate the viscous losses across hyperbolic contractions by
roughly an order of magnitude, and is especially poor for setups
with contraction ratios greater than 5–10.30 Indeed, for this

setup the extensional viscosities of the Newtonian systems
systematically overpredict the expected value from Trouton’s
ratio. Still, using this relation can provide some qualitative
measure of how extensional properties change in mixed flows
seen in many industrial processes by calibrating the reported
extensional viscosities using the measured extensional viscosity
of water.

Contraction experiments: measurements

The results of using eqn (10) in the determination of the
extensional viscosity, recalibrated by the measured extensional
viscosity of water, can be seen in Fig. 4. Here, it can be seen that
the addition of NaCl leads to a significant increase in apparent
extensional viscosity for the 2 wt% MC150 solutions while
causing a much smaller change in the 1 wt% MC150 solutions.
At low shear rates, the 2 wt% MC solutions without salt increase
from an apparent extensional viscosity of 0.2–0.4 Pa s to
roughly 0.9–1.2 Pa s at an NaCl concentration of 5 wt%.
At higher shear rates, this trend remains but is less apparent,
with the extensional viscosity at extension rate of 450 s!1

increasing from 0.24 Pa s without NaCl to 0.32 Pa s with
5 wt% NaCl. Like the results for shear viscosities, the effect of
NaCl addition on extensional viscosity appears to be much
smaller for the 1 wt% MC solutions than the 2 wt% solutions.
The difference in extensional viscosity between the salt free and
5 wt% NaCl solutions was found to be highest at an extensional
strain rate of B60 s!1, with NaCl causing an increase from

Table 1 Power law indices for MC solutions

MC concentration
(wt%)

Salt concentration
(wt%) m (Pa sn) n

1 0 0.43 ' 0.07 0.68 ' 0.02
5 0.46 ' 0.05 0.67 ' 0.01

2 0 3.9 ' 0.4 0.59 ' 0.01
2 3.2 ' 0.3 0.60 ' 0.01
4 2.9 ' 0.7 0.62 ' 0.03
5 4.2 ' 0.3 0.57 ' 0.01

Fig. 4 In this figure, the extensional viscosities of both (A) 2 wt% MC150
and (B) 1 wt% MC150 solutions are plotted against extensional strain rate in
the contraction. Viscosities were determined using the lubrication
approximation in eqn (10) and the tabulated power law coefficients in
Table 1.
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0.18 Pa s to 0.32 Pa s. Increasing extensional strain rate also
appeared to decrease this difference in extensional viscosity for
the 1 wt% MC150 solutions.

Additionally, extensional viscosities obtained with this
method show an apparent trend of extensional thinning
at higher strain rates. Initially, this result may be counter-
intuitive, as MC solutions are known to be extensional thicken-
ing fluids from prior work obtained at lower strain rates.10

However, literature suggests that at higher strain rates this
thinning behavior is expected for entangled and branched
polymers in solution, such as guar and xanthan gum.25,31–33

For MC150 solutions, the overlap concentration without salt
has previously been both calculated and experimentally deter-
mined to be 0.21% by weight.24,34 Since the entanglement
concentration is generally taken to be 5–10 times the overlap
concentration, the solutions tested can be considered to be at
or near concentrations at which molecular entanglements
occur.35 The cause of this thinning behavior is thought to be
tied to the loss of entanglements between and along polymer
molecules.31 It is often accompanied by an initial rise in
extensional viscosity, as seen with the 2 wt% MC150 with
0 and 2 wt% NaCl solutions, attributed to an elastic response
from the polymer chains. Further discussion of the ratio of
the extensional and shear viscosities with calculated apparent
Trouton ratios using an equivalent deformation method is
given in the ESI.†

Flow visualization

In addition to measured pressure drops for shear and exten-
sional viscosities, birefringence visualization of optical retar-
dance, d, was also used to characterize the methylcellulose
solutions in extensional flow fields. Birefringence is a property
associated with anisotropy in indices of refraction for a given
material. In polymer solutions this is typically a result of
polymer alignment in the fluid, which results from fluid
stresses increasing the alignment of adjacent molecules.

Retardance, which represents the phase difference accumu-
lated between orthonormally polarized light waves travelling
through the material, is generally used as a measure of stress
response for such materials. The first normal stress difference,
N1, and retardance can be related via the 2D stress optical
law29,36

d ¼ 2pHC

l
N1 (11)

where C is the stress optical coefficient, H is the channel height,
and l is the wavelength of light. While the simple relationship
of eqn (11) breaks down at higher stresses, a greater value for
N1 is still expected to increase the optical response and mea-
sured retardance of the fluid. Retardance maps were made for
each MC solution at high flow rates of 0.2 to 0.4 mL min!1 to
maximize the apparent signal (Fig. 5). An example of how these
retardance maps vary along the centerline of the channel can be
found in Fig. S3 of the ESI† section.

Centerline measurements of retardance for both 1 wt%
MC150 and 2 wt% MC150 solutions show a strong dependence
on flow rate, with peak retardance in the channel increasing
from 3 & 10!3 at 0.1 mL min!1 to 7 & 10!3 at 0.4 mL min!1 for
the 2 wt% MC150 in 5 wt% NaCl solution shown in Fig. S3
(ESI†). Interestingly, the presence of NaCl does not appear to
have a major effect on the centerline retardance.

In addition to centerline cross sections, vertical slices for
the 2 wt% MC150 solutions are given near the center of
the contraction in Fig. S3B (ESI†). Similar to the centerline
measurements, increasing flow rate causes a corresponding
increase in retardance. However, there are two interesting
features to these vertical patterns. The first is that there is a
non-zero slope to the retardance in the channel, implying that
flow is not symmetric across the centerline. The second inter-
esting feature is the presence of a prominent peak in retardance
at the edge of the channel. The height of this peak appears to be
influenced by the presence of added NaCl, with the ratio of

Fig. 5 Shown are retardance maps for (left) 1 wt% MC150 solutions and (right) 2 wt% MC150 solutions in the presence of added salt. Images were taken
using a PDMS device with a 5 : 1 base to crosslinker ratio. Here we note that the retardance maps have some added signal at the walls due to the response
of the PDMS rather than the fluid itself.

Soft Matter Paper

Pu
bl

is
he

d 
on

 1
2 

M
ay

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f M
in

ne
so

ta
 - 

Tw
in

 C
iti

es
 o

n 
12

/1
6/

20
21

 9
:0

9:
45

 P
M

. 
View Article Online



5280 | Soft Matter, 2020, 16, 5273--5281 This journal is©The Royal Society of Chemistry 2020

peak to minimum intensity increasing for 2 wt% MC150 from
B1.5 without NaCl to B2.2 at 5 wt% NaCl. This trend con-
tinues for the 1 wt% MC150 solutions, with ratios increasing
from B3 without NaCl to B4.3 at 5 wt% NaCl. While this trend
is tied to differences in flow patterns, it is also likely that
observed differences are an effect of fibrils on birefringent
properties. It is understood from literature that, when there
are structures within a fluid that have very different optical
properties (such as micelles or fibrillar structures) from
the bulk fluid, birefringent streaks can occur along paths of
higher shear,37,38 similar to that observed here in Fig. 5 and
Fig. S3 (ESI†).

Conclusions
The work here uses microfluidic platforms to extend the knowl-
edge of MC solution shear and extensional rheology up to shear
and strain deformation rates of 104 s!1. The results match
macro-scale results available at lower deformation rates and
show that increased presence of fibrils leads to an increase in
the extensional viscosity as expected. In addition, these results
also appear to imply that methylcellulose solutions undergo
extensional thinning past extension rates of 10–100 s!1. The
rheological characterization combined with the birefringence
visualization presented here will enable enhanced under-
standing of MC solutions in flow and improve handling
of MC solutions in high extension geometries or industrial
processes such as nozzle or inkjet printing.
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