
Microfluidic Rheology of Methylcellulose Solutions in 
Hyperbolic Contractions and the Effect of Salt in Shear and 

Extensional Flows

Journal: Soft Matter

Manuscript ID SM-ART-03-2020-000371.R1

Article Type: Paper

Date Submitted by the 
Author: 05-May-2020

Complete List of Authors: Micklavzina, Benjamin; University of Minnesota, Department of 
Mechanical Engineering
Metaxas, Athena; University of Minnesota, Department of Chemical 
Engineering and Materials Science
Dutcher, Cari; University of Minnesota, Department of Mechanical 
Engineering

 

Soft Matter



Received,

Accepted 

DOI: 10.1039/x0xx00000x

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 a

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 cannot be 

accessed by macroscale rheology studies. 1 and 2 wt% methylcellulose solutions with molecular weight of 150 

kg/mol 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 extensional thinning in the high strain rate regime (>100 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 most 

difficult regimes to probe involves dilute polymer solutions of 

low extensional viscosity (e.g., < 100 mPa·s), low polymer 

relaxation time (e.g. < 1 ms), or high strain rate (e.g. >1000 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 al10 

found that the extensional viscosity of methylcellulose 

solutions with molecular weight 530 kg/mol and 

concentrations up to 1% by weight increased with the 

addition of NaCl, which is attributed to the presence of 

microfibrils dominated 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 propose and use an alternative microfluidic-

based method for measuring both shear and extensional 

viscosities for low molecular weight methylcellulose solutions.

While some bulk techniques such as parallel plate 

geometries or Couette flows can reach high shear regimes,12, 

13 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 

Measurements are made of the pressure drop across the 

channel as flow rates change, which can then be related to the 

fluid�s shear 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 microfluidic 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 
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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) 

for studying the solutions in flow. Experimental results 

for the complex shear modulus of our MC150 solutions as 

a function of temperature and salt concentration can be 

found in Figure S1 of the appendix.

All bulk rheology experiments were performed using 

a TA Instruments AR-G2 rheometer. Steady shear 

rheology experiments use a 2° steel 40 mm cone and 

plate geometry with a Peltier plate for heating. The 

viscosity is measured after the torque values reach an 

equilibrium state for each shear rate ranging from 0.1 to 

1000 s-1. The temperature was kept constant at 20 °C for 

all steady state shear experiments. Oscillatory shear 

rheology experiments were measured using a cup and 

bob geometry from 5°C to 80°C and back at a ramp rate 

of 1 °C/min, an angular frequency of 1 rad/s 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, 

boiling point >140 °C) 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 

accessible with the microfluidic measurements, to verify 

the numerical accuracy of the results for samples in the 

lower shear rate regimes of this work. These results are 

displayed in Figure S2 in the Supplementary Information 

section.

For shear viscosity experiments, straight channels 

such as the one shown in Figure 1A are used. The channel 

widths are either 250 µm or 500 µm 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 while the pressure drop between 

points P1 and P2 is measured. The pressures are 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, due to 

instability when low flow rates are used initially. An 

equilibration time of at least 10 min is given to allow 

pressure readings to stabilize at the sensor, though 

equilibration times as long as 20 min are 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 ( 200 Pa) and variation ~

over time (repeated measurements over the course of 1 

min).

For extensional viscosity measurements, a similar 

procedure is followed using the design featured in the 

bottom of Figure 1A and B. In this case, the geometry of 

the channel is defined by the hyperbolically changing 

width 

(1)�(
) =
1

1

�0
+ �


where the geometric factor here is  20x10-6 µm-1 and �=

the initial channel width is 1 mm. The contraction �0 =  

length ( ) was set at 770 µm. Similar to the shear ��
viscosity experiments, 10 to 15 min equilibrium times are 

used to allow flows to stabilize before pressures are 

recorded. Fluids are 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 �� =
�������� �����

��� �����

. 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 5 (!�=
"#��$�%

�0	�� +$�)
spanned the orders of  and the elasticity ~10&3&1

numbers 5 were on the order of (()=
*�0(�� +$)

"#���$ ) ~10&

. Similarly, the 2 wt% MC solutions were tested at 102

Reynolds numbers ranging over  and ~10&3& 10&2

elasticity numbers on the order of . Here  is the 102 �0

shear viscosity at the lowest measured shear rate,  is ��

the width of the channel at the contraction center,  is $

the channel height,  is the fluid relaxation time *

estimated between 30-100 ms from G� and G�� 

measurements,  is the fluid density, and  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
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of the fluid. Retardance maps were made for each MC 

solution at high flow rates of 0.2 to 0.4 mL/min to 

maximize the apparent signal (Figure 5). An example of 

how these retardance maps vary along the centerline of 

the channel can be found in Figure S3 of the 

Supplementary Information 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 3x10-3 at 0.1mL/min to 7x10-3 at 

0.4 mL/min for the 2 wt% MC150 in 5 wt% NaCl solution 

shown in Figure S3. 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 Figure S3B. 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 interesting 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 peak to minimum intensity increasing for 2 wt% MC150 

from  without NaCl to  at 5 wt% NaCl. This trend ~1.5 ~2.2

continues for the 1 wt% MC150 solutions, with ratios 

increasing from  without NaCl to  at 5 wt% NaCl. ~3 ~4.3

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 S3.

Conclusions

The work here uses microfluidic platforms to extend 

the knowledge 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 understanding of MC solutions in flow, and 

improved handling of MC solutions in high extension 

geometries or industrial processes such as nozzle or 

inkjet printing.
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