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Abstract 

Moving from traditional batch production into in-line or continuous coatings production requires 

accurate on-line quality control instruments. The aim of the present work was to investigate the 

principle of non-Newtonian capillary rheometry for quality control purposes. In the investigation, 

three series of acrylic-based viscoelastic coating samples with different types and concentrations 

of pigments and thickening agents were used, and the rheological measurements were compared 

to results obtained with the so-called Stormer viscometer and an advanced off-line rheometer. A 

detailed analysis of the potential measurement implications was also conducted. 

For shear stresses from 15.0 to 350.0 Pa (the upper boundary), the novel capillary rheometer was 

found to provide results in good quantitative agreement with the advanced rheometer when sample 

holding time, and thereby shear history, was properly controlled. At a shear stress between 1.0 Pa 

(lower boundary) and 15.0 Pa, the agreement was less good, with a difference in results of the non-

Newtonian capillary rheometer and the advanced rheometer between 15 and 74 %. 

The resolution of the capillary rheometer was sufficiently high to allow detection of the rheology 

changes associated with variations in coating formulations of pigment volume and rheology 

modifier concentrations. 

In summary, for fast on-line evaluation of coating rheology, the principle of capillarity has been 

demonstrated to be a varied and robust technique. 

 

Keywords: on-line measurement, quality control, viscosity, capillary rheometer 
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Nomenclature 

D Diameter of the capillary tube (m) 

fs Moody friction factor of the fluid in a straight pipe  

kb Bend loss coefficient 

L Length of the capillary tube (m) 

Q Flow rate of the sample (m3/s) 

R Radius of the capillary tube (m) 

Rb Radius of the bend (m) 

u Velocity of the fluid (m/s) 

ΔP Total pressure drop caused by the friction in the capillary tube (Pa) 

ΔPf,y Pressure drop to overcome the yield stress (Pa) 

ΔPbend Total pressure drop inside a bend (Pa) 

ΔPf,bend Pressure drop caused by the friction inside a bend (Pa) 

ΔPadd 
Additional pressure drop generated by the change of direction of the fluid inside 

a bend (Pa)  

Greek 

α 
Calculated ratio between the viscosity results measured by the non-Newtonian 

capillary or the advanced rheometer and the Stormer viscometer   

β 
Calculated ratio value between the results of the non-Newtonian capillary 

rheometer with and without a holding time and the advanced rheometer 

η Viscosity of the fluid (Pa·s) 

θ θ is the angle of the bend (°) 

γׄa Apparent shear rate applied to the measured sample (s-1) 

γׄw Shear rate at the tube wall (s-1) 

λ Reduced PVC value (PVC/CPVC) 

ρ Density of the fluid (kg/m3) 

τw Shear stress at the tube wall (Pa) 

 

1. Introduction 

The coatings industry of today is challenged with fierce competition, demanding customer 

requirements, such as sustainable and efficient products, and high costs of raw materials. In 
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addition, in many countries legislation restricts the type, and thereby number, of raw materials that 

can be used when formulating coatings. To meet some of these challenges and enable a more 

flexible approach to production, investigations on how to move current or future batch productions 

to in-line semi-continuous or truly continuous manufacturing processes, are ongoing. Similar 

trends have affected other industries in the past 20 years, pharmaceutical processing plants perhaps 

being the most important example [1-3].  

Some of the expected advantages of continuous or semi-continuous coating production are faster 

and cheaper quality control, lower operation and labor costs, and a reduced risk of human errors. 

In-line procedures may also reduce production time, leading to a higher efficiency of 

manufacturing [4, 5]. However, at present, obstacles are also evident. One of them is the lack of 

adequate manufacturing equipment, the other is the limited options for on-line quality control 

instruments [6].  

In present batch productions of coatings, the typical quality control methods in use include the 

Hegman gauge (for evaluation of the degree of pigment dispersion), a viscometer (for a single-

shear rate viscosity measurement), and the spectrophotometer (for colour evaluation) [7, 8]. These 

methods, while simple and reliable for repeated use, require human interaction in a non-automized 

manner and therefore are not suitable for true in-line coatings production; new principles and novel 

types of equipment are needed [9].  

Furthermore, traditional quality control methods take a relatively long time to conduct. The 

evaluation of viscosity, for example, requires manual sampling and may, mainly because of 

thermostating prior to the measurement, take from 20 to 60 minutes, depending on the adopted 

company procedures [10].  Similarly, the current colour evaluation techniques require one to two 

days of coating drying prior to the actual dry film measurement. Faster colour measurements are 

possible, but they do require calibration against dry samples, with a dependency on formulation 

variables and production conditions [11]. In addition, when products do not meet the requirements, 

time must be allowed for making formulation adjustments.  

In the present work, we explore an on-line, multi-shear stress, rheological technique based on the 

principle of capillary flow. The measurement range, repeatability, advantages and disadvantages 

of the method are investigated, and, for validation, the method is compared to results obtained with 

selected viscosity analysis instruments currently in use in the coatings industry.  
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2. Previous work on on-line and in-line rheometry 

Coating rheology is affected by temperature, the current shear stress, and the shear history of the 

coating under investigation [12]. However, in current coating productions, these variables are not 

always accurately controlled, which can lead to fluctuations in the coatings quality [13]. 

A range of on-line rheology technologies, such as the ultrasound-based rheometer, the capillary 

rheometer, and the oscillating piston rheometer are presented in Table 1. The latter utilises an 

oscillating piston and two alternating electromagnetic coils in the measuring cell. These coils move 

the piston forwards and backwards, and during a measurement, a small amount of liquid is drawn 

into the chamber. During the movement of the piston, the sample viscosity is determined by 

measuring the piston’s so-called cycling time (i.e. stroke frequency) while a certain force is 

applied. When the viscosity of the liquid goes up, the cycling time increases [14, 15]. However, 

due to the narrow gap between the piston and the sensor wall, where the actual measurement takes 

place, the equipment cannot handle liquids with particle diameters larger than 25 µm [15] and is 

therefore of limited use in the coatings industry, where pigment agglomerates or filler particles can 

be substantially larger. 
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Table 1. Comparison of viscometers (simple) and rheometers (advanced) for in-line and on-line measurements.  

Method Principle Advantages Disadvantages Viscosity range Shear rate range References 

Off-line 

rotational 

viscometer  

A paddle, cylinder, or disc is rotated 

in a liquid.  

Simple and fast. Low cost. Easy to 

use. 

Relative long time is required for 

temperature control of  the sample  

0.15 - 4.0 Pa·s 

[17] 

 

0 - 50 s-1 [22] 2006,[16]; 

2014,[27]; 

 

Falling sphere / 

raising bubble 

method 

Metal or plastic spheres of different 

diameter and materials fall under 

gravity or an air bubble rises in the 

sample material  

Easy to use. Inexpensive.  Not suitable for non-Newtonian and 

opaque materials.  

5·10-4 - 100 Pa·s 

[18] 

0.1 - 100 s-1 [23] 

2010,[28]; 

1964,[29] 

Ultrasound 

rheometer 

From the surface of the tube or 

container, sound waves are emitted 

to the sample. The reflection time 

and the strength of the reflected 

signal are measured. 

Real-time and in-line measurement. 

Sensitive to viscoelastic properties of 

sample material.  

Air bubbles can interfere. Requires a 

high surface finish of the pipe and 

container. 

0.01 - 1000 Pa·s  

[19] 

10 - 1000 s-1  [24] 
2004,[30]; 

2017,[31]; 

2008,[32]; 

2020,[33] 

Oscillating 

piston/ 

electromagnetic 

viscometer 

An oscillating piston and two 

alternating electromagnetic coils, 

allow a measurement of the piston’s 

round moving time.  

Easy to clean, in-line measurement (if 

not obstructing equipment operation), 

able to handle high pressure and high 

temperature conditions. 

Sensitive to contamination. Only 

pigment-free samples or samples 

with particle sizes smaller than 25 

µm. 

2·10-5 - 100 Pa·s 

[20] 

 

5·10-2 - 200 s-1  

[25] 2014,[14]; 

2003,[15] 

Capillary 

rheometer 

The sample viscosity is estimated 

based on the flow rate and the 

pressure drop in a capillary tube. 

Simple and fast measurement. Can 

handle samples with high pigment 

concentrations.  

Not accurate at low shear rates. 1 - 1000 Pa·s [15] 1 - 1000 s-1 [26] 
2011,[34]; 

1994,[35]; 

2017,[36]; 

Advanced 

rheometer 

Off-line rotational rheometer with a 

wide range of accessories, such as 

cone and plate, parallel plates, and 

concentric cylinder.  

High accuracy and flexible 

measurement. Small sample sizes. 

High repeatability. Easy to clean.  

Expensive. Generally not suitable 

for industrial production. Relatively 

long time for sample handling and 

temperature control. 

5·10-3 - 104 Pa·s 

[21] 

10-4 - 104  s-1 [21] 

2014,[27] 
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The ultrasound rheometer is based on a sampling of the sound wave intensity attenuation [30]. 

This method was first introduced by Mason et al. in 1949 [37], and Hertz et al. [38] performed 

sound wave measurements on food products. Later developments have shown that the ultrasound-

based methods are capable of measuring the flow rate, the viscosity, the density, the dielectric 

constant (relative permittivity), and the conductivity of fluids [39]. When applied to a coatings 

production process, the method proved to be a direct way of measuring the flow rates of liquid 

streams [40] and a combination of the ultrasound velocity profiling and pressure difference can be 

used to estimate the viscosity of both Newtonian and non-Newtonian fluids [41]. However, the 

method was influenced by air bubbles, originating from the dispersion, and the shape of pigment 

particles [42].  

The capillary viscometer is another device for measuring the rheology of Newtonian fluids [34]. 

Kalotay [35] used a so-called Coriolis mass flowmeter as a capillary rheometer to measure the 

viscosity of different fluids, which, according to the authors provided “a reliable and low-cost on-

line viscosity measurement compared with other approaches”. The method can estimate the 

viscosity of the sample by measuring the flow rate and the pressure drop through the capillary 

tube. It was later (2011) demonstrated that the capillary rheometer could also be used for non-

Newtonian fluids at varying shear rates [43]. The so-called scanning capillary tube viscometer has 

been widely applied to measure the viscosity of blood [44]; however, the main drawback for use 

on non-Newtonian fluids is that the equipment can measure at one shear rate at a time only [45]. 

 

3. Strategy of the investigation 

The purpose of the present work is to explore a new and fast on-line principle for continuous 

evaluation of the rheological properties of a coating during production.  

Coatings are non-Newtonian fluids, and the viscosity of a coating normally decreases when the 

applied shear stress (and associated shear rate) increases (i.e. the coating is shear-thinning). 

Therefore, it is important to evaluate the rheological properties of a coating under different shear 

stress conditions, such as those of brushing and spraying, but, industrially, due to time constraints, 

the viscosity is often estimated at one shear stress value only. 

Historically, textbooks and articles (see e.g. [78,79,80]) have used the shear rate as the independent 

variable and viscosity as the dependent variable. However, as pointed out by Eley [81], with the 

present availability of commercial controlled-stress instrumentation, the shear stress should indeed 
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be taken as the independent variable for rheological evaluation of coatings performance. This point 

of view was adopted here. In the investigation, 14 different coating samples, with a broad variation 

in the pigment volume concentration (PVC) and the concentration of rheology modifier, are 

included. For validation of the method, measurements are compared to data obtained with an 

advanced research rheometer. Points investigated are: the valid measuring ranges of the capillary 

rheometer, a mapping of parameters affecting the measurements, and a comparison of the non-

Newtonian capillary rheometer, the advanced rheometer, and the Stormer viscometer.  

 

4. Experimental 

Raw materials 

For the analysis, acrylic-based coatings with different types and amounts of pigments were applied. 

The basic coating formulation consists of an acrylic based resin (Synocryl 874 X40 from Arkema), 

xylene solvent, a rheology modifier (Crayvallac® Super from Arkema), and either titanium 

dioxide pigment (Tiona 595 from Cristal Global) or phthalocyanine green pigment (Heliogen 

Green from BASF). 

 

Coating systems investigated  

To map the effects of PVC and the concentration of rheology modifier on the rheology of the 

coating system, three series of coatings were prepared as shown in Table 2. All coatings were 

formulated using a DISPERMAT® LC “dissolver” (disperser) from VMA-GETZMANN GMBH, 

Germany.  
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Table 2. Compositional details, the critical pigment volume concentration (CPVC), and the 

reduced PVC () of the coatings used in the investigation. The critical pigment volume 

concentration (CPVC) values were estimated using the spatula rub-out oil absorption (OA) method 

[82]. RM=Rheology modifier, AC=acrylic based coatings, IP=inorganic pigment content, 

OP=organic pigment content. 

Experimental 

series 

Coating 

name 
Pigment type PVC  CPVC 

λ 

(PVC/CPVC) 

RM 

(wt%) 

Variation in 

inorganic 

pigment 

content 

AC-IP1 Titanium dioxide 3.00 58.32 0.05 0.49  

AC-IP2 Titanium dioxide 12.72 58.32 0.22 0.49  

AC-IP3 Titanium dioxide 18.81 58.32 0.32 0.49  

AC-IP4 Titanium dioxide 19.61 58.32 0.34 0.49  

AC-IP5 Titanium dioxide 20.39 58.32 0.35 0.49  

AC-IP6 Titanium dioxide 35.00 58.32 0.60 0.49  

Variation in 

the amount of 

RM 

AC-RM1 Titanium dioxide 19.61 58.32 0.34 0.23  

AC-RM2 Titanium dioxide 19.61 58.32 0.34 0.66  

AC-RM3 Titanium dioxide 19.61 58.32 0.34 1.32  

AC-RM4 Titanium dioxide 19.61 58.32 0.34 1.98  

Variation in 

organic 

pigment 

content  

AC-OP1 
Phthalocyanine 

green 
1.00 72.95 0.014 1.33 

AC-OP2 
Phthalocyanine 

green 
5.00 72.95 0.07 1.33 

AC-OP3 
Phthalocyanine 

green 
10.00 72.95 0.14 1.33 

AC-OP4 
Phthalocyanine 

green 
20.00 72.95 0.27 1.33 

 

Non-Newtonian capillary rheometer 

The rheology of the coating samples, in this work equivalent to the coating viscosity as a function 

of the shear stress, was measured using a novel so-called non-Newtonian capillary rheometer. This 

apparatus, which was developed based on the principle of capillary rheometry for laminar flow, is 

shown schematically in Figure 1.  
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Figure 1. Working principle of the non-Newtonian capillary rheometer. 

 

The cylindrical capillary tube has an inner diameter of 2 mm and is temperature-controlled (15 to 

60 °C) using a preheater. The latter is a heat exchanger, where the sample passes through a long 

channel (folded like a serpentine style tube with several 180° turns, as indicated in Fig. 1) in order 

for the sample temperature to equilibrate to the temperature of the surrounding metal parts. The 

temperature of the metal parts is in turn controlled by a combination of two effects; an air-

conditioning that keeps the cabinet-air inside the instrument a few degrees colder than the required 

sample set-point, and small heating elements on the metal parts, which raises the temperature of 

the local metal parts from the colder air temperature to the final set-point. As indicated in Fig. 1, 

the pressure drop across the capillary tube is measured by a single differential pressure sensor, 

connected to the capillary channel at both ends.  

Prior to a measurement, a coating sample was re-dispersed at 2000 rpm for three minutes using a 

high-speed disperser, after which a filling process, using a syringe with a pump, was conducted to 

displace any cleaning-liquid inside the measuring tube. Subsequently, five ml of the sample was 

drawn into the instrument using the syringe and put on hold before being pumped into the capillary 

tube with a given number of increasing or decreasing pulses (in this case eight pulses). For each 

pulse, a small amount of fluid is pumped out in 10-30 s, and there is a 3 s pause between two 

pulses. A certain flow rate (and thereby shear stress) was established by varying the flow rate of 

fluid being pumped through in each pulse. The associated pressure drop over the capillary tube 
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was measured and used to calculate the viscosity of the sample, and the measurement temperature 

was controlled to 25 ± 0.2 °C.  

Due to the fairly high viscosities of the coatings, an excessive pressure drop generated inside the 

flow system, which occasionally led to blocking of the capillary tube when using high flow rates. 

Consequently, there was an upper critical flow rate above which experiments could not be 

conducted. An adequate flow rate range was found to be from 100 to 15000 µL/min. The relative 

uncertainty of results generated with the equipment was in all cases lower than 5%. 

The coating viscosity is calculated from the pressure drop measured, and known values for the 

capillary radius and length, as well as the liquid flow rate.  For a Newtonian fluid and laminar flow 

(parabolic velocity distribution within the tube), the viscosity, , can be calculated from the Hagen-

poiseuilles equation [46] 

𝑄 =
𝜋𝑅4

8𝐿𝜂
∆𝑃 (1) 

where Q is the flow rate of the coating sample and ∆P is the pressure drop associated with passing 

of the liquid through the capillary tube. R is the radius and L is the length of the capillary tube. 

However, according to earlier literature [47, 48, 49], equation (1) cannot be directly applied for 

non-Newtonian fluids; the shear stress-dependent viscosity of these materials can lead to non-

parabolic flow in the capillary tube. In this case, the Weissenberg-Rabinowitsch equation, 

underlying assumptions of a no slip condition at the tube wall and truly laminar fluid flow (i.e., 

pipe flow Renoylds numbers below about 1500 [50]), must be used to estimate the fluid viscosity 

at the capillary tube wall [47, 48, 49]. An apparent shear rate, γׄa, and the capillary wall shear stress, 

τw, are thereby calculated from 

𝛾�̇� =
4𝑄

𝜋𝑅3
 (2) 

𝜏𝑤 =
𝑅∆𝑃

2𝐿
 (3) 

The shear rate at the tube wall, γׄw, is estimated from 

𝛾�̇� = 𝛾�̇� (0.25 (3 +
𝑑𝑙𝑛(𝛾�̇�)

𝑑𝑙𝑛(𝜏𝑤)
)) (4) 

Finally, the viscosity of a non-Newtonian fluid in the capillary tube is calculated from 

𝜂 =
𝜏𝑤

𝛾�̇�
 (5) 
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The advanced rheometer 

For validation of the results of the non-Newtonian capillary rheometer, an advanced Discovery 

Hybrid Rheometer from TA Instruments was used. In this case, all samples were also re-dispersed 

at 2000 rpm for three minutes using a high-speed disperser. For the measurements, a 25 mm-

diameter parallel plate was applied. Around 0.5 ml of coating sample was placed on the heating 

plate of the rheometer, followed by lowering of the upper plate onto the sample (any excess coating 

forced out between the two plates was removed with a piece of tissue). The plate gap used for the 

rheometer was 200 µm, selected from a rule of thumb stating that the gap width should be 10 times 

larger than the maximum particle size. 

During the measurement, increasing shear rates from 0.5 to 500 s-1 were imposed, using a pre-set 

program and an applied shear stress between 1 and 650 Pa. The uncertainty in measured values for 

this method is about 2% for parallel-plate geometries, when the shear rate is larger than 1 s-1 [51]. 

 

The Stormer viscometer 

For reasons of comparison, a simple KR140 Stormer viscometer (paddle geometry of stirring 

head), produced by Research Equipment (London) Ltd., was also used in the investigation. In this 

case, a constant rotation speed of 200 rpm was applied, corresponding to an average shear rate of 

around 40 s-1 [52]. The associated shear stress is not well defined, but an average value between 

55 and 100 Pa has been reported for the Stormer viscometer [53]. The instrumental uncertainty is 

less than 3% [54], while, the experimental uncertainty, related to the formulation of coatings, was 

around 5%, estimated from repetitions with three individual samples by viscosity measurements. 

The Stormer viscometer provides measurements in Krebs Units (KU) or centipoises. The 

measurement range is from 40 to 140 KU or 150 to 4000 centipoises (1000 centipoise equals 1 

Pa·s). The Stormer viscometer is used for fast and crude measurements in coatings productions 

and was selected here due to its abundance. Other common types, e.g. the so-called Brookfield 

viscometer, could also have been chosen.  

  

Comparison between different methods 

The applicability range of the three methods and the typical viscosity range of the coatings allowed 

are provided in Figure 2.  
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Figure 2. Qualitative overview of the shear rate analysis range for the three rheological methods. 

The coatings phenomena corresponding, approximately, to the various shear rates are indicated in 

the figure. Note, as pointed out by Eley [81] and adopted in the present work, that the shear stress 

(as opposed to the shear rate) is the correct independent variable to use for rheological evaluation 

of coating performance. However, in the case of rheological coatings phenomena, the general 

graphical representation becomes challenging and was not attempted. 

 

The time required for a measurement in the non-Newtonian capillary rheometer is longer than for 

the Stormer viscometer, because the capillary rheometer needs to pull the sample inside the syringe 

and then pump it through the flow cell eight times at different flow rates to obtain the viscosity 

results at different shear stresses. However, when using the Stormer viscometer, time is required 

for the sample to cool after heating up (e.g. during a dispersion step), whereas the capillary 

rheometer and advanced rheometers, due to the presence of an internal heat exchanger, can cool 

the sample rapidly. In addition, taking into account the manual sampling time and the actual 

measurement time during production, which could take 15-30 minutes for both the advanced 

rheometer and the Stormer viscometer [10], the on-line measurement is faster; everything takes 

place in about 10 minutes (only 2-3 minutes for non-thixotropic samples where pre-shearing can 

be left out). 
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For all coating samples, the measurement range of the non-Newtonian capillary rheometer is more 

limited compared to the advanced rheometer. This limitation is due to the flow rate of the fluid in 

the instrument. High flow rates could generate high pressure drops that exceed the capacity of the 

syringe pump, while low flow rates result in a significant increase in the time required for the 

measurement. 

 

5. Results and Discussion 

In this section, the results of measurements with the three rheometers are compared.  

 

Evaluation of Reynolds numbers for the non-Newtonian capillary rheometer 

An assumption underlying the non-Newtonian capillary rheometer calculations is that the fluid 

flow must be laminar. To ensure this in our analysis, the Reynolds number (Re) for cylindrical 

pipe flow is calculated from [55] 

𝑅𝑒 =
𝐷𝜌𝑢

𝜂
 (6) 

where D is the diameter of the capillary tube, ρ is the density of the fluid, u is the velocity of the 

fluid, and η is the viscosity of the fluid.  

In Figure 3, the Reynolds number as a function of pumping speed for different relevant viscosities 

and using a typical coating density of 1100 kg/m3 is shown. 

  

Figure 3. The Reynolds number as a function of pumping speed when assuming a fluid density of 

1100 kg/m3. The maximum pumping speed is 25000 µL/min. The viscosities used in the 
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calculations are for the pure solvent, the average coating viscosity of all samples measured by the 

Stormer viscometer, and the highest viscosity value observed (the AC-RM4 sample at a shear 

stress 10 Pa).  

 

For fully developed flow in a capillary tube, laminar flow occurs when the Reynolds number is 

below 2300, and turbulent flow is fully established when the Reynolds number is larger than 2900 

[56, 50]. It can be seen in Fig. 3 that even for the maximum flow rate of 25000 µL/min, the 

Reynolds number of the pure solvent (which attain the highest values) confirms conditions of 

laminar flow.  

 

Comparison between measurements in the non-Newtonian capillary and the advanced rheometer 

For validation of the non-Newtonian capillary rheometer, experimental data should be compared 

to measurements obtained with the advanced rheometer.  

In Figure 4, the rheological behavior of a series of acrylic-based coatings, containing different 

PVC levels of phthalocyanine green pigment, have been compared. The imposed shear stress was 

taken as the independent variable (as suggested by Eley [81]), and the viscosity and the shear rate 

treated as the dependent variables.  



15 
 

 

Figure 4. Comparison of viscosities and shear rates measured by the capillary (full line) and the 

advanced (dashed line) rheometer as a function of the imposed shear stress. The coating samples 

are distributed in the plots as follows: a) AC-OP1, b) AC-OP2, c) AC-OP3, d) AC-OP4. 

 

The general tendency is that the non-Newtonian capillary rheometer measures the same or a 

somewhat lower viscosity than the advanced rheometer. For shear stress values exceeding 10-20 

Pa (figures 4a, 4b, and 4c), the viscosities measured by the non-Newtonian capillary rheometer 

and the advanced rheometer are basically the same, and both analytical instruments, in the shear 

stress range considered, have an average relative error of about 1.8 % only. However, the results 

of figure 4d and those at low shear stresses in figures 4a, 4b, and 4c, show some deviation.  

The viscosity measurements of the non-Newtonian capillary rheometer was also compared to data 

from the industrially-applied Stormer viscometer (used mainly for fast and crude measurements). 

However, the Stormer viscometer only provides the viscosity for a single shear stress value (80 

Pa). Results of the comparison are shown in Table 3.  
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Table 3. Viscosities measured (at a shear stress of 80 Pa) by the Stormer viscometer, the non-

Newtonian capillary rheometer, and the advanced rheometer. The Stormer viscometer 

measurement was performed at room temperature, the non-Newtonian capillary rheometer 

measurement at 25 ± 0.2 °C, and the advanced rheometer measurement at 25 ± 0.1 °C. To avoid 

introducing uncertainty in the unit conversion for the Stormer viscometer, the viscosities are all 

given in Krebs Units (KU) [54]. 

 Stormer viscometer 
Non-Newtonian 

capillary rheometer 
Advanced rheometer 

 Viscosity (KU) Viscosity (KU) Viscosity (KU) 

AC-IP2 90.23 ± 0.40 67.80 ± 0.89 78.87 ± 8.09 

AC-IP3 90.43 ± 0.50 81.10 ± 1.36 75.23 ± 1.99 

AC-IP4 92.27 ± 0.70 79.33 ± 0.29 82.87 ± 7.35 

AC-IP5 92.63 ± 0.67 80.90 ± 0.34 88.50 ± 1.85 

AC-RM1 83.53 ± 0.65 73.35 ± 0.59 77.33 ± 1.27 

AC-RM2 95.33 ± 0.71 77.80 ± 1.70 106.12 ± 2.24 

AC-RM3 102.33 ± 0.50 98.90 ± 0.13 116.97 ± 4.16 

AC-RM4 112.47 ± 0.45 117.01 ± 0.38 NA1 

AC-OP1 57.13 ± 0.35 60.60 ± 0.14 61.10 ± 0.26 

AC-OP2 60.47 ± 0.15 62.45 ± 0.24 62.70 ± 0.26 

AC-OP3 68.83 ± 0.31 71.43 ± 0.58 71.90 ± 0.10 

AC-OP4 86.17 ± 0.21 85.47 ± 0.83 91.67 ± 1.01 

1: Viscosity value too high for conversion to Krebs Unites according to table in [54].  

 

The viscosity of the coating samples obtained by the non-Newtonian capillary rheometer varies 

from 60.4 KU (0.36 Pa·s) to 119.7 KU (2.83 Pa·s) at a shear stress of 80 Pa, whereas the viscosities 

of all measured samples obtained by the advanced rheometer is from 62.6 KU (0.40 Pa·s) to 119.9 

KU (2.85 Pa·s) (disregarding the AC-RM4 sample). To our knowledge, an industrially-acceptable 

difference in the viscosity results for production purposes is less than 3 KU, when the viscosity of 

the sample is lower than 80 KU, and less than 5 KU when the viscosity exceeds 80 KU. 

For a visual comparison of the measurements, the following ratio  was defined 
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𝛼 =
𝜂

𝜂(𝑆𝑡𝑜𝑟𝑚𝑒𝑟 )
 (7) 

where η is the viscosity result measured by the non-Newtonian capillary or the advanced rheometer 

and η(Stormer) is the viscosity measured by the Stormer viscometer, all at 80 Pa.  

 

Figure 5. Values of the viscosity ratio as defined in eq (7) for the coatings investigated. The grey 

columns represent the non-Newtonian capillary to Stormer viscosity ratios and the white columns 

are the advanced to Stormer ratios. The dashed line indicates where the viscosities measured by 

the non-Newtonian capillary rheometer or the advanced rheometer are in agreement with those of 

the Stormer viscometer. The viscosity value for AC-RM4, when measured by the advanced 

rheometer, was too high for comparison with the Stormer data in Krebs Units (see [54]). 

 

For most samples, there is a difference between the viscosity results obtained by the Stormer 

viscometer and the non-Newtonian capillary rheometer, but the deviation is not systematic; the 

viscosity results of AC-IP2 to AC-RM2 obtained with the non-Newtonian capillary rheometer are 

lower than the results obtained with the Stormer viscometer, whereas the viscosity results of the 

AC-RM3 to AC-OP4 samples obtained by the non-Newtonian capillary rheometer are higher than 

the results of the Stormer viscometer. This uncertainty may be attributed to the not very accurate 

average shear stress reported for the Stormer paddle viscometer (i.e. the local shear stresses may 

deviate significantly from the average). In fact, the Stormer viscometer is not an absolute 
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viscometer, i.e. the flow field is complex and mathematically undefinable, probably anything but 

laminar and a quantitative comparison has to be conducted with care. The table used to convert 

KU to Pa·s (and vice versa) is provided in [54]. 

Despite the results of the Stormer viscometer, the general tendency is that the non-Newtonian 

capillary rheometer measures a lower viscosity compared with the advanced rheometer. This is 

seen in both Figure 4 and 5, and the difference is more significant when the when the applied shear 

stress is below 20 Pa. An explanation for the difference in results is likely to be the shear history 

of the coating samples; although all samples, prior to measurement, were dispersed for three 

minutes, a difference in hold up time between the dispersing procedure and the actual measurement 

is evident. In the advanced rheometer, all samples were measured 3-5 minutes after the dispersion, 

whereas in the non-Newtonian capillary rheometer, additional shear stresses were introduced 

during the syringe injection process and the time from injection to actual measurement was less 

than one minute. Consequently, the shear history and hold up time of the two devices deviate and 

may well result in somewhat different viscosity values for the same coating sample. 

To avoid the impact of shear history and hold up time, the viscosity of a Newtonian fluid (glycerin) 

was measured using both the advanced rheometer and the capillary rheometer. Within a shear 

stress range from 2 to 15 Pa, the average viscosity measured by the advanced rheometer was 0.778 

± 0.011 Pa·s, and that of the capillary rheometer was 0.784 ± 0.014 Pa·s. In general, the difference 

was less than about 4%. 

 

Three-interval-thixotropy test  

The so-called three-interval-thixotropy-test (3ITT) [34] was conducted on the coating samples to 

investigate the rheological recovery time and the presence of any thixotropic effects.  

The 3ITT is a step test, performed with a rotational rheometer (i.e., the advanced rheometer in this 

work). Generally, it consists of two different deformation types, imposed by a change in shear rate 

or shear stress [57]. Here, the shear rate deformation was chosen and in Figure 6 the viscosity-time 

recovery curves are shown.  
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Figure 6. Three-interval-thixotropy test (3ITT) of two selected coating samples (Peak Hold). The 

peak hold was a process where the rotational rheometer applied a constant shear rate (either 0.1 or 

500 s-1) to the measured sample within a certain time. a) AC-IP2 sample, b) AC-OP4 sample. The 

temperature was 25 C. 

 

As indicated in the plots, the initial stage is a low (0.1 s-1) shear rate period of 200 s followed by a 

high (500 s-1) shear rate interval lasting only 60 s. The final stage is the recovery period, during 

which the low shear rate is reapplied for 600 s.  

It can be seen in Fig. 6 that when the high shear rate stage of the experiment is initiated, the 

viscosity of the coating sample instantly drops. During the subsequent recovery period, the 

viscosity of the coating gradually increases and most often returns to the initial value. Table 4 

presents the average viscosity of different coating samples at the shear rates of 0.1 and 500 s-1, as 

well as the recovery time of each sample.  As mentioned in earlier stage, the shear history and hold 

up time of the advanced rheometer and the capillary rheometer has a 3-5 minutes difference. 

According to the analyzed 3ITT results, most investigated samples have a recovery time around 5 

minutes, which means this 3-5 minutes difference in hold up time could result in different viscosity 

results measured by the two devises. 

 

Table 4. The average viscosity (at two values of shear rate) and the recovery time (i.e. the time 

required for the sample to reach 90% of the initial viscosity at a shear rate of 0.1 s-1) of selected 
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coating samples. RM=Rheology modifier, AC=acrylic based coatings, IP=inorganic pigment 

content, OP=organic pigment content 

Sample 
Viscosity at 0.1 s-1 

(Pa·s) 

Viscosity at 500 s-1 

(Pa·s) 
Recovery time (s) 

AC-IP2 105.54 ± 19.34 1.04 ± 0.01 315 ± 21 

AC-IP5 73.02 ± 7.40 0.83 ± 0.02 160 ± 14 

AC-IP6 148.90 ± 12.28 1.04 ± 0.02 240 ± 56 

AC-RM1 13.27 ± 2.13 0.91 ± 0.02 222 ± 24 

AC-RM4 235.52 ± 17.07 1.37 ± 0.01 140 ± 7 

AC-OP1 7.70 ± 2.70 0.52 ± 0.02 255 ± 45 

 

Viscosity results when taking into account thixotropic effects of coatings samples 

In an attempt to reduce any differences in the measured viscosity values originating from 

thixotropic effects of the coatings, the software code of the non-Newtonian capillary rheometer 

was modified. A five minutes holding time, equivalent to that of the advanced rheometer, was 

inserted to take place after the coating is taken up by the syringe.  

 

Figure 7. Comparison of viscosities and shear rates as a function of shear stress, measured by the 

non-Newtonian capillary rheometer (before and after adding a 5 minutes holding time) and the 

advanced rheometer. a) Coating sample AC-IP2 b) Coating sample AC-OP4. 
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Figure 7 shows the viscosity and shear rate of AC-IP2 and AC-OP4 samples measured before and 

after adding a five minutes holding time in the non-Newtonian capillary rheometer analysis. The 

viscosity measured by the advanced rheometer is also provided. It is evident that the difference 

between the viscosity results of the two rheometers is effectively reduced when the five minutes 

holding time is included, in good agreement with the clear thixotropic behavior evidenced earlier 

in the 3ITT experiments. Additional results with the new procedure are shown in Table 5. 

 

Table 5. Coating viscosities measured with the non-Newtonian capillary rheometer including a 

five minutes holding time (at a shear stress of 80 Pa). The difference ratio (β) column is the 

calculated ratio value between the results of the non-Newtonian capillary rheometer with and 

without a holding time and the advanced rheometer. The analysis temperature was 25 ± 0.2 °C. 

 
Capillary rheometer with 

holding time 

Difference ratio (),  

without holding time 

Difference ratio (), 

with holding time 

 Viscosity (KU)   

AC-IP2 81.53 ± 0.90 0.86 ± 0.11 1.03 ± 0.12 

AC-IP3 84.45 ± 0.13 1.07 ± 0.05 1.12 ± 0.03 

AC-IP4 82.70 ± 3.03 0.95 ± 0.08 0.99 ± 0.10 

AC-IP5 83.57 ± 0.38 0.92 ± 0.01 0.95 ± 0.02 

AC-RM1 77.73 ± 0.12 0.94 ± 0.02 1.00 ± 0.02 

AC-RM2 NA1 0.73 ± 0.03 NA1 

AC-RM3 104.75 ± 2.05 0.84 ± 0.03 0.90 ± 0.06 

AC-RM4 127.05 ± 4.88 NA2 NA2 

AC-OP1 62.33 ± 0.31 0.99 ± 0.01 1.02 ± 0.01 

AC-OP2 63.83 ± 0.21 1.00 ± 0.01 1.01 ± 0.01 

AC-OP3 73.37 ± 0.25 1.00 ± 0.01 1.02 ± 0.01 

AC-OP4 91.63 ± 0.40 0.93 ± 0.02 1.00 ± 0.01 

1: Coating batch was consumed.   

2: The ratio cannot be calculated due to the viscosity value measured by the advanced rheometer 

was too high for conversion to Krebs Unites according to table in [54]. 
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In Table 5, it can be seen that the viscosity results after modification of the preset program of the 

non-Newtonian capillary rheometer are closer to the viscosity data obtained by the advanced 

rheometer. For most of the coating samples measured, the ratio is in the range 0.95-1.05 (i.e. less 

than 5% uncertainty). However, when using a shear stress below 15 Pa, a difference between 

results of the two rheometers is evident, which can be seen in Figure 7b. 

 

Potential reasons for the lower viscosity results obtained with the Non-Newtonian capillary 

rheometer 

Cracg and Oene (1961) [58] claim that when capillary rheometers are used to measure the viscosity 

of non-Newtonian fluids, they generally produce reliable results when the applied shear stress is 

larger than 0.5 Pa (5 dynes/cm2). At lower shear stresses, the following factors were found to affect 

the results [59]: 

 An entrance effect at the inlet of the capillary tube 

 Slip conditions at the capillary tube wall  

 Surface tension effects 

 Geometrical effects of the capillary tube 

 Yield stress effects 

 Sensor noise 

Other studies have mentioned the entrance effect and explained it as being due to the time it takes 

for the fluid to reach a fully developed profile after entering the capillary tube from a wider tube 

[60, 61]. However, all the tubes in the capillary rheometer of the present work have the same radius, 

so the entrance effect is not the cause of the lower viscosity measured by the capillary rheometer.   

The wall slip effect has been discussed in several publications [62, 63, 64]. It can sometimes be 

observed in tube flow experiments, where the velocity distribution of the fluid deviates 

significantly from the expected parabolic profile [65]. The phenomenon occurs as a critical shear 

stress for the interaction between the polymer structure and the tube wall [66]. Once the shear 

stress of the fluid exceeds the critical shear stress, the slip at the wall takes place. However, this 

phenomenon occurs at high flow rates only, which is not where the deviation was observed in the 

present work. 

Another issue is the possible energy losses within the capillary tube. Malengo [67] and others [68-

72] have discussed the potential effects of surface tension in capillary rheometer measurements. 
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Besides, Masahiro [73] discussed the effects of the surface tension at the exit of the capillary tube. 

Barnes [74] stated, due to the elasticity property of the fluids, that an additional pressure drop may 

arise at the exit of the capillary tube, which may cause a difference in the total pressure drop. 

However, for the specific capillary rheometer of this work, the capillary tube is filled with fluid 

before the actual measurement begins, that is, no gas-liquid contact will occur in the capillary tube, 

and the effect of surface tension is negligible. Additionally, the exit effect of the capillary tube is 

effectively avoided by measuring the pressure drop of the fluid before it exits.  

The yield stress (i.e. the value of stress at which the material begins to flow) is another potential 

factor, which influences the measurements. Several studies [68, 75, 76] have investigated the effect 

and ascribed it to an additional pressure drop caused by the yield stress 

𝜏𝑤 =
(∆𝑃 + ∆𝑃𝑓,𝑦)𝑅

2𝐿
 (8) 

where ΔPf,y is the pressure drop generated by the yield stress. 

When the sample fluid is compressed into the capillary tube, an additional pressure drop is required 

to overcome the yield stress. However, all analyses performed in the capillary rheometer measure 

the pressure drop during a steady-state flow condition (the syringe pump controls the volumetric 

flow rate, as opposed to the pressure applied to the fluid), and the additional pressure drop caused 

by the yield stress will therefore not influence the measurements. 

Another factor that may affect the viscosity calculation is the shape of the capillary tube. As 

discussed previously, the viscosity of the fluid is a function of the shear stress and the shear rate 

at the capillary tube wall. Both of these factors are influenced by the velocity of the fluid and the 

pressure drop over the capillary tube. However, there is a U-shaped bending in the current capillary 

rheometer, which might affect the pressure drop measurement.  

The total pressure drop in a capillary tube with a bending can be calculated as the sum of two 

effects: the pipe wall friction, which is described by the first term on the right hand side of eq. 9, 

and the additional pressure drop from the U-bending, the second term on the right hand side of 

equation [77]:  

∆𝑃𝑏𝑒𝑛𝑑 = ∆𝑃𝑓,𝑏𝑒𝑛𝑑 + ∆𝑃𝑎𝑑𝑑 = 4𝑓𝑠 (
𝑙

𝐷
)

𝜌𝑢2

2
+ 𝑘𝑏

𝜌𝑢2

2
 (9) 

Here, ΔPbend is the total pressure drop originating from the U-bending, ΔPf,bend is the pressure drop 

caused by the friction inside the bend, ΔPadd is the additional pressure drop generated by the change 

of direction of the fluid inside a bend, fs is the Moody friction factor of the fluid in a straight pipe 
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(for a laminar flow, fs = 16/Reynolds number), l is the length of the bend tube, which is a factor of 

the angle of the bend (i.e the length of the bend is calculated from the angle and the radius of the 

bend), D is the diameter of the pipe, ρ is the density of the fluid,  u is the velocity of the fluid, and 

kb is the bending loss coefficient. 

To evaluate the effect of the pipe bending, the same values as in eq. 9 were used: Q= 100 µL/min; 

u = 0.53 × 10−3 m/s; ρ = 1100 kg/m3; D = 2 mm; l = 70 mm; kb = 1.7; 𝜇 = 0.8 Pa ∙ s. Upon 

insertion in the right hand terms of equation (12), one gets 

∆𝑃𝑏𝑒𝑛𝑑 = ∆𝑃𝑓,𝑏𝑒𝑛𝑑 + ∆𝑃𝑎𝑑𝑑 = 247.2 Pa+2.6 × 10−4 Pa = 247.2 Pa (10) 

The ratio between ΔPf,bend and ΔPadd gives 

∆𝑃𝑎𝑑𝑑

∆𝑃𝑓,𝑏𝑒𝑛𝑑
=

2.6 × 10−4 Pa

247.2 Pa
= 1.06 × 10−6 (11) 

Clearly, due to the very small capillary radius and low Reynolds-number, the effect of the U-

bending can be neglected. 

Finally, the effect of noise in the equipment should also be considered. Especially in the case of 

low volumetric flow rates, the pressure drop of the fluid through the capillary is relatively low, 

and the accuracy of the sensor is likely to have an impact on the analysis results of the instrument. 

In contrast, when the fluid across the capillary tube at a high flow rate, the effect of the sensor 

noise only takes a very small portion of the total pressure difference. Therefore, the noise effect 

decreases as the volume flow rate and pressure drop increase, which means there could be a high 

relative error in the viscosity result under low flow rates. This phenomenon is consistent with the 

comparative data mentioned in the experiment. 

 

Viscosity measurements with the capillary rheometer 

The capillary rheometer should have the ability to not only monitor the viscosity change, but it 

must also give feedback for adjustments of the composition of the coatings product during the 

dispersing process in real time. As an example, the capillary rheometer was used to analyze acrylic-

based coatings with different compositions to verify whether the capillary rheometer can be used 

to modify the dispersing process. Figure 9 displays the viscosity vs shear stress results for different 

coating samples measured with the capillary rheometer.  
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Figure 9. Viscosity as a function of stress measurements (non-Newtonian capillary rheometer) of 

the acrylic based coating samples containing different amounts of rheology modifier (from 0.23 

wt% for AC-RM1 to 1.98 wt% for AC-RM4). The PVC was kept constant at 20 %. 

 

The four curves from top to bottom in Figure 9 represent in turn the acrylic-based coatings with 

decreasing content of the rheology modifier. The viscosity of all four coatings in Figure 9 ranges 

from 0.5 to 10.0 Pa·s and the shear stress range of the equipment is from 1.0 to 300 Pa. As expected, 

when the shear stress increases, the viscosity of the coating gradually decreases and when the 

content of the rheology modifier increases, the viscosity of the coating increases.  

Figure 10 shows the viscosity results for coatings with different PVC of an organic pigment, green 

phthalocyanine. 
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Figure 10. Viscosity as a function of stress of the acrylic based coating samples with different PVC 

of phthalocyanine green pigment, from 1% (AC-OP1) to 20% (AC-OP4), measured by the non-

Newtonian capillary rheometer. The weight percentage of the rheology modifier was kept constant 

at 1.33 wt%. 

 

The measurements of the four samples can be clearly distinguished, and the viscosity of the AC-

OP1 sample barely changed within the analytical range of the capillary rheometer. A higher PVC 

should result in a higher viscosity, and this effect is clear in the figure.  

In summary, the non-Newtonian capillary rheometer has a sufficiently high resolution for guiding 

the formulation work. When used in an industrial production line, the non-Newtonian capillary 

rheometer can be applied directly on a well-stirred mixing tank or at any installed recirculation 

loop from a mixing or holding tank.  

 

6. Conclusions 

During production, the viscosity is one of the most important quality control parameters for 

coatings. Currently, a single-shear stress off-line viscosity measurement is typically applied in the 

coatings industry.  
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In this work, we investigated the use of an on-line non-Newtonian capillary rheometer for coating 

products. For validation, the viscosity of three series of acrylic-based coating samples were 

measured, at shear stresses from 1.0 to 400 Pa and the results compared to those obtained with an 

advanced off-line research rheometer.  

Apart from some deviation at the low end of the shear stress spectrum, excellent agreement 

between the two rheometers was found when the sample holding time and pre-shearing were 

properly controlled.  

In addition, for all values of shear stresses considered, the resolution of the non-Newtonian 

capillary rheometer was sufficiently high to detect the viscosity changes associated with 

perturbations in the PVC and the concentration of rheology modifier in the coatings. 

Compared to the analytical methods commonly employed in the industry, important advantages of 

the non-Newtonian capillary rheometer are that the apparatus covers a wide range of shear stresses 

in a fully automated mode with a low measurement time. In future work, a wider range of coatings 

will be considered.  
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