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Summary 
The Texture Analyzer (TA) measures the resistance when its probe is penetrating a structured liquid 

such as mayonnaise. This is a simple way of characterizing a mayonnaise sample directly after 

production. It is widely used for industrial quality control. However, this measurement doesn’t clearly 

give the rheological parameters of the samples. To acquire more information from a TA 

measurement, the method was studied in relation to conventional rheometry. For this purpose, 

samples from Newtonian liquids to shear thinning and thixotropic ones were made and measured by 

both the rotational rheometer and TA. The steady state force in the TA measurement was reported 

and corrected for the buoyancy. The result was fitted with rheological models. Drag flow correlations 

from literature were used to estimate the rheological parameters in Herschel-Bulkley and Power Law 

models describing the structured fluids from a series of TA measurements. The flow indices acquired 

with the TA corresponded well with the result of the rheometer measurement. Also, relaxation 

measurements were conducted to acquire the dynamic yield stress. There was disagreement 

between the yield stresses and the flow consistencies determined from different methods. The 

deviation of the drag force correlation and the wall slip effect could be the cause. These result shows 

that TA can be used to determine rheological parameters.   
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Symbols 

τ: shear stress    Pa 

η: viscosity    Pa·s 

: shear rate   s
-1

  

ρ: density   kg/m
3 

F: force    N 

K: flow consistency  Pa·s
n 

n: flow index   - 

Od: Oldroyd number  -  

Re: Reynolds number  - 

t: time    s 

V: velocity   m/s 

wt%: weight percentage - 

 

  



4 

 

1. Introduction 
Mayonnaise is a very popular and traditional sauce. It is essentially an oil-in-water emulsion, which is 

prepared by mixing vegetable oil, egg yolk, vinegar and other seasonings. The emulsion, normally 

containing around 70 wt% oil, is constructed by carefully building up the oil phase in a water-

continuous system avoiding a phase inversion. Therefore, the characteristics of a mayonnaise 

product rely both on a precise ratio of the ingredients and a proper processing procedure.   

In terms of the industrial quality control of mayonnaise, a practical instrument is a Stevens texture 

analyzer (Fig. 1). It can be seen as a penetrometer, monitoring the resistance of a sample while a 

probe is penetrating the product. Since this measurement takes only around one minute and can be 

conducted directly in the product container, say a mayonnaise jar, it is widely used in the food 

industry as well as other industries. For a texture analyzer (TA) measurement of a mayonnaise the 

probe of has a special grid geometry
1,2

 (Fig. 2), which is plunging into the mayonnaise. The resisting 

force exerted on the head is plotted against the penetration depth. The maximum resistance is 

termed the Stevens value.  

 

Fig. 1 A typical texture analyzer
3
 

The Stevens value, sometimes referred to as firmness, has been measured to characterize the 

rheological feature of mayonnaise in varies studies
4,5

.  But so far there is no clear link between the 

texture analyzer measurement and the rheology of the sample. In other words, it is difficult to get 

relevant rheological parameters such as viscosity, flow index, and consistency, from a texture 

analyzer measurement.  

A technique related to the TA is the falling ball rheometer, which determines the viscosity of the 

sample by the time required for the ball to travel a certain distance. Additionally, studies have been 

performed to acquire flow index and consistency using the ball rheometer
 6,7

. In 2009, J.Boujlel et al.
8
 

studied penetrometry of certain shear thinning liquids and came up with new methods to measure 

the yield stress with a texture analyzer. Nevertheless, the texture analyzer measurement of 

mayonnaise, due to the complex geometry of the head and the complex rheological behavior of 

mayonnaise, is not yet well-studied.  
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The purpose of the work described in this thesis is to discuss the physics of a texture analyzer 

measurement of Newtonian, non-Newtonian liquids and mayonnaise. The results are compared with 

conventional rheometery measurements. The end goal is to use the TA as a simplified rheometer. To 

systematically gain insight into the physics of the penetrating probe through Non-Newtonian fluids, a 

series of liquids has been selected for this study with increasing complexity. First a concentrated 

sucrose solution and glycerol were studied, these systems are Newtonian. Then Carbopol and 

Xanthan gum solutions were analyzed, these systems are well studied throughout literature and 

behave like power law and Herschel-Bulkley fluids. Then two concentrated emulsion systems were 

studied, one with depletion interactions and the other without. Finally three mayonnaise samples 

have been analyzed with the TA. Rheological models were fitted to the rheometer data and the 

obtained parameters were compared to the results of the TA measurements.  

2. Theory 

2.1 The rheology of mayonnaise 

The rheology of mayonnaise has been well studied because of its commercial relevance. Mayonnaise 

is a highly concentrated emulsion, meaning the dispersed phase is more concentrated than the 

maximum random packing fraction of hard spheres. These droplets permit the storage of the 

interfacial elastic shear energy of the system and hence have solid characteristics at low shear
9
. 

Additionally, the lipoproteins of the egg yolk in the mayonnaise form networks with the neighboring 

droplets, which attribute to the viscoelastic properties
10

.  

A variety of rheological models have been applied to describe the shear stress of mayonnaise at 

different shear rates
11

. A well established and accepted one is the Herschel-Bulkley model (Eq. 1) in 

which the yield stress τ0, the consistency index K, and the flow behaviors index n are the key 

parameters. It can be seen as a power-law relation (Eq. 2) with a yield stress. 

        (Eq. 1)    

 (Eq. 2) 

The study of the model in relation to mayonnaise and the measurement of the three parameters τ0, k 

and n have been conducted by Bistany and Kokini; Canovas et al.
12

; and Paredes et al.
13

.  The values 

of the parameters attained, however, vary due to differences in measurement range, and the 

product composition.  

 

2.2 Yield stress 

Yield stress is an important characteristic of mayonnaise, attributed to the egg yolk content. Yield 

stress is a critical value of shear stress, which is the minimum stress on the material to make it flow. 

Yield stress materials have been studied for a long time. However, it remains to be a controversial 

topic, even on whether the yield stress truly exists. Despite the ongoing discussions on the 

mechanism, in the field of engineering, it has been playing an important role, for example, to 

determine whether air bubbles will be trapped in the wet cement. For mayonnaise, it affects the 

behavior on a spoon. 
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Another problem about yield stress is its difficulty to determine. Different ways of measurement give 

different results, even in the well-controlled rheology experiments. The reason is mainly because of 

apparent wall slip resulting from the heterogeneity. One compromising method which has been 

frequently used is the introduction of two yield stresses
14

: a dynamic and a static yield stress. The 

static yield stress is the stress above which the material turns from a solid state to a liquid state. On 

the contrary, the dynamic one is the critical stress where the material turns from liquid to solid. 

Typical techniques to determine the yield stress are the stress relaxation test
15

, the creep & recovery 

experiment
16

 and the immerse body experiment
17

. 

 

2.3 Thixotropy 

Thixotropy is another characteristic of mayonnaise. It affects the customer sensory experience of the 

product and also the measurement of the mayonnaise rheology. The concept of thixotropy has been 

discussed over a long time. One of the best definitions comes from Barnes, Hutton and Walters
18

: the 

decrease (in time) of viscosity under constant shear stress or shear rate, followed by a gradual 

recovery when the stress or shear rate is removed. This definition emphasizes two characteristics of 

thixotropy: the reversibility and the time-dependence. It reflects the finite time taken to move from 

one state of microstructure to another. The overall change results from the competition between the 

microstructural break-down due to the flow and the build-up caused by collisions and Brownian 

motion. For example, the network in the mayonnaise is formed by the lipoprotein adsorbed on the 

interface of the neighboring droplets. With shear acting on the sample, desorption takes place 

leading to a decrease of apparent viscosity. In the meantime, due to the flow and thermal motion, 

the free lipoprotein molecule can be adsorbed again on the droplets and increases the viscosity of 

the sample. To describe this process, a stretched exponential model is usually used to characterize a 

thixotropic system, see Eq. 3. 

 (Eq. 3)    

where  is the viscosity at the beginning of the shearing,  is the viscosity at infinite time,  is 

the time constant and the r is a dimensionless constant.  and r characterize the direction and the 

speed of the competition of break-down and build-up of the microstructure.  

The examples of the microstructure include the entanglement of polymers in Xanthan solutions, the 

spatial distribution of particles in an emulsion and the droplet-droplet interaction in a mayonnaise. 

All the materials with microstructure show thixotropy. Therefore, thixotropy exists in a wide range of 

food systems such as citrus fiber solutions, xanthan solutions and mayonnaises. 

For our thixotropic samples, the rheological measurement is not straightforward, since the viscosity 

decreases even at a constant shear rate. Therefore a reproducible value needs to be found to 

characterize the samples. The equilibrium value seems to be a good option, but measuring this value 

takes infinite time. Therefore, an approximation value of the equilibrium is the compromising 

solution. 

2.4 Penetrometry measurement  

A Penetrometer is a device which measures the resistance of the sample against deformation or flow. 

Depending on the application the head geometry can be different, from a single cylinder to the grid 
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for mayonnaise measurement. Also, the measurement can be conducted at either constant plunging 

speed or a constant force. For a liquid sample, the constant speed mode is chosen and the resisting 

force is recorded against the time.  

The forces acting on the probe of a TA are shown in Fig. 2. Usually, at the beginning of each 

measurement the force sensor is automatically set to zero. Therefore, the gravity is ruled out in the 

measurement. The reading of the TA depends only on the buoyancy of the probe and the drag force. 

 

Fig. 2 The probe of Stevens measurement and the forces acting on it  

According to the theory of J.Boujlel et al.
8
, the flow curve acquired from a conventional rheometer 

measurement can be also determined by a series of penetrometry measurements at various plunging 

speeds. For a rectangular plate, the shear stress can be expressed by: 

  (Eq. 4) 

where F is the reading of the texture analyzer, B is the buoyancy Fw is the force exerted on the wire 

which connects the grid and A is the surface area of the probe. Plotting this shear stress versus the 

plunging speed, the shape of the curve appears to be similar to that of a flow curve from a standard 

rheometer measurement. Therefore, the power law type or Hershel-Bulkley type relations are also 

valid for texture analyzer measurements: 

 (Eq. 5) 

 (Eq. 6) 

where FD is the drag force on the probe and FD,0 is the dag force at zero speed. 

The dynamic yield stress of the sample can be also acquired from the texture analyzer measurement 

by a relaxation test. A pre-shear speed is applied to the sample until the probe stops and maintains 

its position. Afterwards, the force decreases with time and finally reaches an equilibrium value, 

which can be defined as yield force, . The yield stress is then determined by: 

 (Eq. 7) 

 

16mm 

2.9mm 

38mm 

0.83mm 

16.5mm 
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2.5 Drag flow around a cylinder perpendicular to the flow 

The drag force plays the most important role in a TA measurement. However, due to the complexity 

of the fluid dynamics, the study of the drag force is only limited within the simplest geometries. For a 

cylinder moving in a liquid, expressions of the drag force are given for both Newtonian and non-

Newtonian liquids. 

2.5.1 Drag flow of a Newtonian liquid around a cylinder 

The drag force on a cylinder has been well studied for Newtonian liquids. When a cylinder is plunging 

in a Newtonian liquid, the drag force per unit length can be expressed by: 

  (Eq. 8) 

Here W is the hydraulic diameter whose value equals to the diameter of the cylinder in this case
19

,  

is the density of the liquid, V is the plunging velocity and CD is the drag coefficient, which is a function 

of the Reynolds number: 

 (Eq. 9) 

where  is the viscosity.  

For a Reynolds number smaller than 1 (Stokes flow), an empirical correlation
20

 for the drag 

coefficient is given by: 

  (Eq. 10) 

2.5.2 Drag flow of shear thinning liquids around a cylinder 

The drag flow around a cylinder in an infinite medium of power law liquid was numerically analyzed 

by Tanner
21

. For a cylinder with radius R and length l, a dimensionless drag coefficient Cd can be 

defined as: 

  (Eq. 11) 

According to their numerical study, the drag coefficient can be expressed as: 

 (Eq. 12) 

with 

 (Eq. 13) 

and 

 (Eq. 14) 
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As for Hershel-Bulkley liquids, the most important contribution to this field comes from the 

experimental study of Tokpavi et al.
22

 and the numerical study of De Besses et al.
23

. For a cylinder 

with a diameter d moving at a speed U in a Hershel-Bulkley liquid whose rheological behavior obeys 

the relation of Eq.1, an Oldroyd number Od can be defined as
23

: 

 (Eq. 15) 

According to De Besses et al.
23

, in a Stokes flow condition with 0 < Od < 100 and 0.26 <n <1, the drag 

coefficient Cd can be expressed as a function of n and Od (see appendix): 

 (Eq. 16) 

 

As for the experimental study of Tokpavi et al.
22

, a plastic drag coefficient Cd* is defined as: 

 (Eq. 17) 

A model based on experimental data with Reynolds from 1.3×10
-9

 to 1.29×10
-8

 is used to determine 

the value of Cd*:  

  (Eq. 18). 

3. Materials & methods 

3.1 Materials 

3.1.1 Newtonian liquids 

Sucrose solution 

300 ml water and 700g sucrose (PFEIFER & LANGEN) were mixed. The mixture was heated up to 60°C 

to produce a supersaturated sucrose solution. It was then cooled down slowly to room temperature. 

The clear liquid in the upper layer was sampled for the measurement, with a temperature 

maintained at 0 (±1) °C. 

Glycerol 

300g glycerol (≥99.5, Sigma-Aldrich) was used. 

3.1.2 Non-Newtonian liquids 

Carbopol solution 

3g Carbopol (U10, Lubrizol) was dispersed in 1000 mL water by a Silverson homogenizer
24

 at 800 rpm. 

To adjust the pH, sodium hydroxide was added into the dispersion to adjust the pH until the gelation 

while the sample was stirred by a paddle mixer. The solution was then sent to centrifuge at 4000 rpm 

for ten minutes to release the air bubbles. 
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Oil-in-Water emulsion 

Four types of oil-in-water emulsions were made with different oil contents or different processing 

conditions (see Table 1). Sodium Dodecyl Sulphate (SDS, Sigma-Aldrich) was added as emulsifier. For 

the preparation of emulsion A, 3.2 g SDS (10 mM) was dissolved in 250 ml water at room 

temperature. 833 ml rapeseed oil (Unilever) was then added slowly into the solution while mixing 

with a Silverson homogenizer (L4RT-A, Silverson Machines, Buckinghamshire, UK) at 3500 rpm with 

an emulsor screen workhead (Fig. 3) with openings of 1.5 mm. The products are sampled and diluted 

with water. Then the droplet size was measured by a Mastersizer. The samples were stored at 5°C. 

Table 1. Oil contents, processing conditions and droplet sizes of the emulsion samples 

item oil content processing condition D3,2 

Emulsion A 75 wt% Silverson 3500rpm 6.358 µm 

Emulsion B 75 wt% Silverson 4000rpm 4.863 µm 

Emulsion C 70 wt% Silverson 3500rpm 4.886 µm 

 

3.1.3 Non-Newtonian time-dependent liquids 

Xanthan solution 

The preparation of a Xanthan solution began with mixing respectively 10 g, 20 g and 30 g Xanthan 

Gum (CPKELCO) with 2 l water. A paddle mixer was used to homogenize the mixture with a rotor-

speed of 200 rpm, at room temperature. The samples were agitated for at least 2h before they were 

sent to centrifuge at 4000 rpm for ten minutes to get rid of the air bubbles. The 0.5, 1, and 1.5 wt% 

solutions were then allowed to rest for at least 24h before measurements, in order to guarantee a 

high level of hydration. The samples were stored at 5°C. 

 

 

 

Fig. 3. The emulsor screen workhead for the Silverson homogenizer
25

 

Emulsion with high surfactant concentration 

Emulsion D was made with same recipe and condition of emulsion A, only with a higher 

concentration of SDS.  6.4 g SDS was added to the system, which is an amount higher than twice its 

critical micelle concentration (CMC)
26

. 

Mayonnaise 
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Three mayonnaise samples with the same recipe (Table 2) were prepared with different processing 

conditions. To begin with, salt (AkzoNobel), sugar (Suiker Unie), and EDTA (AkzoNobel) were 

dissolved in water and mixed with egg yolk (92/8 liquid egg yolk-salt, Bouwhuis-Enthoven) by a 

spatula. Sunflower oil was then poured slowly into the container with a Silverson running at a rate of 

3500 rpm in the meantime. Finally vinegar (Carl Kühne) was added. This mayonnaise will be referred 

to as pre-mix for the remainder of the text. Two thirds of the mayonnaise was further processed with 

a Colloid Mill, half of it was treated at 3500 rpm and will be referred to as Setting 1, while the other 

half at 4500 rpm will be referred as Setting 2. 

Table 2. Composition of mayonnaise samples 

Composition Weight percentage (wt%) 

water 12.3 

sunflower oil 75.3 

egg yolk 7.6 

vinegar 2.5 

salt 0.94 

Sugar 1.3 

EDTA 0.0075 

 

3.2 Methods 

Texture analyzer measurement 

The penetrometry measurements were conducted with a Texture Analyzer TA XT plus (Stable Micro 

Systems Ltd., Surrey, UK) with a 500 g load cell. The probe comprising of seventy-six squares with a 

dimension of 2.9*2.9mm, is waved up by wires with a diameter of 0.83mm and forms a shape as 

follows (see Fig. 2). During the measurement, the sample measured was placed in a cylinderic plastic 

jar with a diameter of 110 mm and a height of 125 mm. The jar was at least half filled to avoid 

bottom effects. The probe plunges into the sample at a speed ranging from 0.1 to 32 mm/s. The 

resistence is monitored until the probe reseaches a target distance of 40 mm, which takes 1.25 to 

400 s dependeing on the speed. The buoyancy of the object was 0.0052 N, which was determined by 

a simple measurement in water. This buoyancy is subtracted from the force, which is then reported 

as the result of the measurement. 

The detail of the head geometry was measured and calculated, the dimensions are listed in Table 3. 

Table 3. The dimension of the grid 

head dimension* 

diameter of the grid wire, W 0.83mm 

total length of the grid wire, L 563mm 

diameter of the connect wire, Wc 2mm 

*see also Fig. 2  
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Relaxation measurement 

A relaxation measurement was taken immediately after a texture analyzer measurement. The 

position of the grid was maintained for 60 s after it reached 40 mm depth with a certain pre-shear 

speed ranging from 0.2mm/s to 32 mm/s. The force is recorded against time to show the response of 

the sample after the head stops.   

 

Rheometer 

The rheological measurements were performed with a stress-controlled rheometer (AR 2000ex, TA 

instrument, Delaware, USA) with parallel plates which had sand blasted surfaces and a diameter of 

40 mm. The gap between the two plates was 1000 µm. The temperature was kept at 20°C, except for 

the measurement of the sucrose solution, which was taken at 0 (±0.1) °C.  

For the Newtonian liquids (the sucrose solution and glycerol) and for the Non-Newtonian liquids (the 

Carbopol solution and the emulsion A, B and C), the rheometer measurements were conducted in 

the continuous ramp mode: the shear stress of the sample was monitored with the change of shear 

rate. For the Non-Newtonian time-dependent liquids (the xanthan solutions and the mayonnaises) 

the measurements were taken in time sweep mode to rule out the effect of shear history and to 

study the thixotropy. The shear stress of the sample was monitored over 120 s at a constant shear 

rate and then the given 300 s to relax before the next measurement. 

Droplet Size measurement 

To measure the particle size distribution, the sample was diluted with water and a small amount of 

SDS was added as the surfactant and mixed by a magnetic stirrer. The well-mixed dispersion was 

then measured by a laser diffraction particle size analyzer (Mastersizer 2000, Malvern Instruments 

Ltd, Worcestershire, UK).  

4. Results & Discussion 

4.1 Newtonian liquids 

4.1.1 Sucrose solution 

Sucrose solution as a typical Newtonian liquid was chosen to be the first step of the project, in order 

to have a first-step insight of the analysis of texture analyzer measurement. The viscosity of sucrose 

solutions can reach up to ten thousand times the viscosity of water
27

.  This makes it viscous enough 

to be measurable by the texture analyzer. A flow curve of the Sucrose solution was obtained with the 

rheometer to confirm whether it behaves Newtonian or not and to determine the viscosity. The 

result of a continuous ramp at a range of shear rate from 0.1 s
-1

 to 10 s
-1

 showed typical Newtonian 

behavior with a viscosity of 1.5 Pa·s.  

A series of measurements were conducted with the TA at different head speeds ranging from 1mm/s 

to 32mm/s. A typical penetration curve is shown in Fig. 4. When the probe made contact with the 

surface of the sample, the resistance of the sample increased rapidly due to the surface tension. 
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After point A, the probe gradually went into the sample and the surface tension didn’t act on the 

probe any more, the resistance decreased. In the end, this effect faded away as the probe is fully 

immersed and the flow through the probe reached equilibrium (point B). The period before B will be 

referred to as regime I, where the wetting effect plays an important role. After point B, a constant 

force was observed until the probe stopped at point C. This process will be referred to as regime II in 

the remaining text. After point C, the reading of the texture analyzer was due to the buoyancy, which 

ended up being 0.007 N. This buoyancy is around 1.4 times the buoyancy measured with water, 

because the density of a sucrose solution is around 1.4 kg/l, i.e. 1.4 times the density of water.  

 

 

 

After the buoyancy was subtracted, the steady state value of the drag force in regime 2 was reported. 

The forces were made dimensionless according to Eq. 8. The result is plotted as a function of the 

Reynolds number in Fig. 5. 

 

Fig. 4 Typical resistance force vs. time curve during a texture analyzer measurement of sucrose 

solution (here at 2mm/s) 
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Fig. 5. Cd as a function of Re of texture analyzer measurements of the Newtonian liquids (the 

hydraulic diameter is taken as the diameter of the wire) 

Since the grid probe can be seen as a single wire whose length equals to the total length of all the 

wires, the grid is therefore simplified into a long cylinder. The drag flow analysis in 2.5.1 could be 

used to give the drag coefficient as well. The TA measurements were carried out at Re << 1, so this 

situation fulfills the Stokes flow condition. The Cd determined from the literature was plotted against 

Reynolds number (Eq. 9) and compared with the experimental data in Fig. 5. The figure shows good 

agreement in higher Reynolds number region. 

Additionally, the TA measurements can also give an estimation of the viscosity. Based on the 

equations in section 2.5 the viscosity of the sucrose solution was obtained using a least squared 

method to solve for . A viscosity of 1.6 Pa·s was found, a result relatively close to the viscosity 

measured by the rheometer, which was 1.5 Pa·s. The deviation results probably from the assumption. 

Because to treat the grid as a summation of cylinders is just an approximation: the crosses of the 

wire on the grid might have a significant effect on the flow profile, and so do the adjacent wires. 

These factors are difficult to determine and have been neglected in our calculation.  

4.1.2 Glycerol 

The viscosity of glycerol was measured at the shear rate ranging from 0.1 s
-1

  to 500 s
-1

. The result of 

a continuous ramp showed typical Newtonian behavior with a viscosity of 1.2 Pa·s. Likewise, a series 

of TA measurements at the plunging speed ranging for 0.2 mm/s to 32 mm/s were performed, whose 

result was then processed in to a Cd vs. Reynolds number curve and plotted in Fig. 5. 

Since Glycerol is also a Newtonian liquid, using the same drag flow analysis as in 2.5.1, we can 

determine the viscosity in the same way as the sucrose solution. The result gives a viscosity of 1.1 

Pa·s, while the rheometer gives a viscosity of 1.2 Pa·s. The result of the two Newtonian liquid in 4.1.1 

and 4.1.2 indicates that, with the drag flow analysis of 2.5.1, a TA is capable to give a realistic 

estimate of the viscosity of a Newtonian liquid.  
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4.2 Non-Newtonian liquids 

4.2.1 Carbopol solution 

Carbopol is often used for rheology research as a typical Hershel-Bulkley liquid. The fitting works well 

in both the result of the rheometer and the TA. The flow curve of the Carbopol solution was 

determined by a continuous ramp measurement of the rheometer. The curve is shown in Fig. 6(a) 

(dots) with Hershel-Bulkey fitting (lines), whose result is listed in Table 4. 

 

Fig. 6(a) Flow curve of the Carbopol solution (b) Force as a function of probe speed of Carbopol 

Table 4 Fitting parameters for the result of the Carbopol solution 

  rheometer (Eq. 1)   TA (Eq. 6) 

τ0 (Pa) 20.7  (18, 24) F0 (N) 0.115  (0.11, 0.12) 

k (Pa·s
n
) 13.8  (11, 17) K1 (N·s

n
/mm

n
) 0.0586  (0.058, 0.059) 

n 0.382  (0.34, 0.42) n 0.395  (0.39, 0.40) 

 

The result of the TA measurement has been plotted in Fig. 6(b) with a Hershel–Bulkley type fitting 

(line, Eq. 6). The fitting result is listed in Table 4. The average error of the measurements estimated 

from the standard deviation is 1%. The fitting parameters show good agreement between n values 

from both measurements. This indicates that the TA with the grid geometry can be used to predict 

the flow index of a Hershel-Bulkey liquid. Compared with the study of Boujlel et al., we reach a 

similar conclusion.  

In 2.5.2, we introduced two correlations to calculate the drag force on a cylinder moving in a shear 

thinning liquid. These correlations were plotted and compared with the experimental data. Since the 

Carbopol solution data is fitted with a Hershel-Bulkley model, both the theories of Tokpavi et al.
22

 

and De Besses et al.
23

 were used to provide more insight. For the expression of Tokpavi et al.
 22

, the 

authors only studied the situation with Reynolds from 1.3×10
-9

 to 1.29×10
-8

. We therefore 

extrapolate their equation. The plastic drag coefficient, Cd*s determined from experiments (Eq. 17) 

and literature are plotted against Od
1/(1+n)

 (Eq. 15)  for better comparison  (Fig. 7).  
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Fig. 7 Cd* as a function of Od
1/(1+n)

 of TA measurements of the Hershel-Bulkley liquids 

Also, the drag coefficients were determined according to Eq. 11. They were plotted against Re in Fig. 

8 and compared with on the correlation according to the numerical theory of De Besses
23

. The result 

gives a big deviation, showing that the correlation of the numerical study is less accurate for the 

calculation in our cases. 

 

Fig. 8 Cd as a function of Re of TA measurements of the Hershel-Bulkley liquids 
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4.2.2 Oil-in-water emulsion 

Since no time dependent behavior of the emulsion samples was observed, the rheometer 

measurement was conducted at a shear rate continuous ramp mode to acquire the flow curve. The 

droplet size was measured directly after preparation and again after the rheological characterization. 

The emulsions were stable over the course of one day since no change in droplet size was observed 

(see appendix). The result of the rheometer measurements is illustrated in Fig. 9, with fitting curves 

based on a Hershel-Bulkley model (Eq. 1), whose parameters are given in Table 5. 

 

Fig. 9 Result of rheometer measurements of emulsions 

Table 5. Fitting result of the emulsion samples with 95% confidence intervals 

rheometer τ0 (Pa) k (Pa·s
n
) n 

A 3.28  (1.9, 4.6) 6.78  (5.8, 7.7) 0.401 (0.38, 0.42) 

B 4.37  (2.0, 6.8) 14.8  (12, 17) 0.276  (0.24, 0.31) 

C 3.94  (3.8, 4.1) 2.62  (2.5, 2.8) 0.46  (0.45, 0.48) 

TA F0 (N) K1 (N·s
n
/mm

n
) n 

A  0.0466  (0.035, 0.058) 0.0264  (0.016, 0.037) 0.421 (0.32, 0.52) 

B 0.0477  (0.036, 0.059) 0.0557  (0.044, 0.068) 0.289 (0.25, 0.33) 

C 0.0142  (0.0026, 0.026) 0.0183  (0.0066, 0.030) 0.325 (0.19, 0.46) 

 

The three emulsions were measured by the texture analyzer at the plunging speed ranging from 0.2 

to 32 mm/s. A typical TA curve of the emulsions is shown in Fig. 10. The patterns exhibited obvious 

regime I and II. The minor increase of force in regime II was attributed to the vertical connecting wire. 

The reading at the beginning of the linear increase was reported. 
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Fig. 10. Typical curve of texture analyzer measurement on the emulsion samples  

(here is emulsion A at 1mm/s) 

The reported force is plotted against the plunging speed and the curves are shown in Fig. 11 (dots), 

fitted (lines) with Hershel-Bulkley type model (Eq. 6), whose parameters are listed in Table 5. For 

emulsion A, B and C, the average measurement errors are respectively 0.4%, 1% and 0.7%. 

 

Fig. 11 Force as a function of probe speed of emulsion samples 

An oil-in-water emulsion is shear thinning because of the elongation of the oil droplets along the 

shear direction and the loss of bilayer linkage between the droplets. In the rheometer measurement, 

the oil-in-water emulsions exhibited an obvious yield stress. Therefore, Hershel-Bulkley model (Eq. 1) 

is used for the fitting of both the texture analyzer and rheometer results. The fitting result (see Table 

5) shows that for emulsion A and B, the same n is acquired.  However, for emulsion C, the n values 
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from the rheometer and texture analyzer measurement do not agree with each other. Note that the 

fitting of TA curve gives a very small yield force: 0.0142 N and a very large 95% confidence interval 

for n (which covers the result from the rheometer).  

Based on the drag flow analysis of 2.5.2, the literature correlation and experimental data were 

compared. Again, the expression of Tokpavi (Fig. 7) fits better with our data, while that of De Besses 

gives higher Cd value than the experiment (Fig. 8). 

Also, the TA data can be used to solve for the unknown rheology parameters. Since there are three 

parameters in the Hershel-Bulkley relation, in order to give more precise solution, the flow index is 

taken as known constant (which can be also determined by fitting the force vs. speed curve). The 

result is listed in Table 6 in comparison with that determined by the rheometer. 

Table 6 Solved and experimental value of the rheology parameters of the emulsion samples 

rheometer τ0 (Pa) k (Pa·s
n
) n 

A 3.28  (1.9, 4.6) 6.78  (5.8, 7.8) 0.401 (0.38, 0.42) 

B 4.37  (2.0, 6.8) 14.8  (12, 17) 0.276  (0.24, 0.30) 

C 3.94  (3.7, 4.1) 2.62  (2.5, 2.8) 0.468  (0.45, 0.48) 

TA solve τ0 (N) k (N·s
n
/mm

n
) n* 

A 3.28 6.20 0.401 

B 4.30 20.4 0.276 

C 2.22 4.31 0.468 

*the flow index is taken as a known parameter for the solving  

4.3 Non-Newtonian time-dependent liquids 

4.3.1 Xanthan solution 

A xanthan solution is shear thinning and displays time dependent thixotropic behavior. The viscosity 

of a Xanthan solution decreases in time at a constant shear rate and at increasing shear rates. To 

acquire the flow curves of the sample, a reproducible shear stress needs to be found. As the result, 

the equilibrium value at a constant shear rate is the most representative value. However, to actually 

measure this value takes infinite time. Therefore in a measurement, finite time is given until the 

effect of thixotropy can be neglected. Both Herschel-Bulkley
28, 29 

(Eq. 1) and power law
30, 31 

(Eq. 2) 

models have been used to describe the flow curve. It depends on whether the yield stress can be 

clearly identified or not. 

The three Xanthan solutions with concentrations of 0.5, 1 and 1.5 wt% were measured at different 

shear rates ranging from 0.16 to 80 s
-1

. For each shear rate, measurements were conducted 3 times. 

A typical result is shown in Fig. 12. In the end of the measurement, the decrease of the shear stress 

was no longer obvious. This value of the shear stress was reported as the equilibrium shear stress. 
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Fig. 12. Time sweep measurements of 1 wt% Xanthan at different shear rate 

For the Xanthan solution with 0.5, 1 and 1.5 wt% concentration, the equilibrium shear stress vs. 

shear rate curve is illustrated in Fig. 13. For 0.5 and 1 wt%, the flow curves were fitted (lines) with a 

power law relation (Eq. 2). And the flow curve of 1.5 wt% was fitted with Hershel-Bulkley relation 

(Eq.1). The consistency K and the flow index n were both set as free fitting parameters, whose values 

were determined by least squares method. The result for the Xanthan solutions is listed in Table 7, 

with the 95% confidential interval of n. The measurements were taken three times and the standard 

deviation was calculated as the estimation for the measurement error. The average relative errors 

for each sample were also calculated based on the standard deviation (error bars in Fig. 13), which 

were 1%, 4% and 3% for 0.5, 1 and 1.5 wt% xanthan solution respectively.  

 

Fig. 13 Flow curves of Xanthan solutions  
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Table 7. Fitting result of Xanthan solutions with 95% CI 

rheometer τ0 (Pa) k (Pa·s
n
) n 

0.5 wt% -  2.12  (2.1, 2.2) 0.26  (0.25, 0.27) 

1 wt% -  4.50  (4.1, 4.9)  0.24  (0.21, 0.27) 

1.5 wt% 5.42  (3.0, 7.8) 6.65  (4.3, 9.0) 0.24  (0.19, 0.30) 

TA F0 (N) K1 (N·s
n
/mm

n
) n 

0.5 wt% - 0.0153  (0.014, 0.016) 0.274  (0.25, 0.30) 

1 wt% - 0.0425  (0.041, 0.044) 0.257  (0.25, 0.27) 

1.5 wt% 0.0277  (0.016, 0.039) 0.0490  (0.038, 0.060)  0.3291  (0.29, 0.37) 

 

The three Xanthan solutions with concentrations of 0.5, 1 and 1.5 wt% were measured by the texture 

analyzer. For each speed, a measurement was taken three times. The pattern of 0.5 wt% sample 

exhibits similarity to the result of the sucrose solution (Fig. 4). 

The force vs. time curve of 1 and 1.5 wt% Xanthan, however, showed a different pattern (see Fig. 14). 

The force first increased as the probe made contact with the sample. Then a decrease of force was 

observed. This was because of two reasons: first, the loss of surface tension exerted on the probe as 

it went into the sample; second, the flow covering back on top of the probe (see appendix, Fig. 27), 

which introduced an extra downward force. In the end, an increase of force was observed, which 

may be result from the time dependence of the apparent viscosity of the Xanthan solution. The 

bottom value before the increase in regime II (see point A in Fig. 14) was found to be a reproducible 

value (3 % standard deviation). 

 

Fig. 14. Texture analyzer measurement of 1.5wt% Xanthan (here at 16mm/s) 

The reported force was plotted against the plunging speed, and the curves of the three Xanthan 

solutions are illustrated in Fig. 15, with a Hershel-Bulkley type fitting (line) according to Eq. 6. The 

fitting results are listed in Table 7.  For the 0.5, 1 and 1.5 wt% samples, the average measurement 

errors are respectively 2%, 1% and 3% (error bars in Fig. 15). 
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Fig. 15 Force vs. speed curves of Xanthan solutions 

The fitting result in Table 7 indicates that for 0.5 and 1 wt% sample, the flow indices n agreed well 

with each other. But for 1.5 wt% sample, there is a difference. This could be explained by the 

mismatch between the experimental result and the model, since the 95% confidential interval gives a 

relatively wide range. From the shear stress vs. shear rate curve of 1.5 wt% Xanthan (Fig. 13), a 

deviation in the low shear rate range can be observed. If these points (shear rate lower than 0.5) are 

neglected, we can get a fitting result with n equals to 0.25, the same as the result of the texture 

analyzer measurement.  

The TA data of xanthan is compared with literature correlation. To be specific, the results of 0.5 and 1 

wt% xanthan solutions are treated with the power law relation, hence the formulas of Tanner
21

 are 

used (Fig. 16). The curve of 1.5 wt% xanthan is calculated by the theory of Tokpavi et al.,
 22

 which is 

displayed with the other Hershel-Bulkley liquids in Fig. 7.  
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Fig. 16 Calculated force vs. probe speed for TA measurement of xanthan solutions 

Like we did to the former samples, with the drag force equations, we can use the data of TA to solve 

for the rheology parameters we usually acquire from rheometer measurement. The result is listed in 

Table 8. There is difference between this result and that from the rheometer measurement. This is 

because the drag correlation doesn’t agree with the actual data. 

Table 8 Solved rheology parameters on the basis of TA measurement of xanthan solutions 

    τ0 (Pa) k (Pa·s
n
) n 

0.5 wt% 
exp fit - 

 2.12  (2.1, 2.2) 0.260  (0.25, 0.27) 

solve - 
2.31 0.27 

1 wt% 
exp fit -  4.50  (4.1, 4.9)  0.241  (0.21, 0.27) 

solve - 
6.75 0.258 

1.5 wt% 

exp fit 5.42  (3.0, 7.8) 6.65  (4.3, 8.9) 0.244  (0.19, 0.30) 

solve * 
3.95 9.00 0.491 

solve ** 6.79 4.69 0.327 

*solved using the equation of Tokpavi et al. 

** solved using the equation of De Besses et al. 

4.3.2 Oil-in-water emulsion with high surfactant concentration 

To acquire the flow curve of the sample, time sweep tests were conducted. The result is summarized 

in Fig. 17(a), where the equilibrium stress values were depicted and fitted with the Hershel-Bulkley 

(Eq.1) model.  
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Fig. 17(a)Flow curve of emulsion D (b) Force as a function of probe speed of emulsion D 

Table 9 Fitting results of TA and rheometer measurement of emulsion D 

  rheometer   TA 

τ0 (Pa) 0.000151  (-2.3, 2.3) F0 (N)   0.0345  (0.028, 0.041) 

k (Pa·s
n
) 10.2  (7.8, 12) K1 (N·s

n
/mm

n
) 0.0315  (0.025, 0.038) 

n 0.305  (0.26, 0.35) n 0.353  (0.31, 0.40) 

 

The result of a TA measurement shows time dependence. To study this, the sample was stirred and 

rested for a certain period before it was measured by the TA. The curves of the measurements (at 1 

mm/s) are plotted in Fig. 18. 

 

Fig. 18 Time difference of TA measurement of emulsion D 

The force vs. speed curve of a series of TA measurements is plotted in Fig. 17(b) with their fitting 

parameters listed in Table 9. To rule out the time dependence, before each TA measurement the 

sample was stirred by a spatula. The average error of these measurements is 3%. 
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The excess amount of surfactant in the emulsion is aimed to cause depletion flocculation and 

therefore produce extra inter-particle repulsion, just to mimic the function of egg yolk in the 

mayonnaise. With a shear exerting on the sample, the microstructure is broken down. The sample is 

therefore thixotropic, different from the other emulsions. On the other hand, the microstructure also 

builds up when at rest. The time scale of recovery can be seen in Fig. 18. Hardly anything happened 

(the curve of 5 minutes and 20 minutes almost fully overlap) in 15 minutes, which suggest the 

structural recovery takes a long time to become noticeable. Therefore reproducible result can be 

acquired as long as the emulsion is fully stirred before each measurement. In the end, the fitting 

result of the two measurements gives similar flow indices. 

 

4.3.3 Mayonnaise 

Mayonnaise is a very complex system. The egg yolk absorbs at the o/w interface or forms strong 

layers, so that the system is stabilized. Also, the protein molecules from the egg yolk stretch in 

between the particles, which provide extra interaction. This interaction can be broken down by shear 

and gradually built-up when at rest. Therefore, mayonnaise is considered to have thixotropy. 

Reproducible measurements can be only acquired by ruling out the time effects. As the result the 

samples were fully stirred before each measurement. 

The three mayonnaise samples were measured by the rheometer using time sweep mode. The result 

is shown in Fig. 19 with fitting parameter in  

Table 10. The average errors of these measurements are 7%, 2% and 6%, for the premix, setting 1 

and setting 2 samples respectively. 

 

Fig. 19 Flow curves of the mayonnaise samples 
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The force vs. speed curves of the mayonnaise sample were measured by the TA. Before each test, the 

sample was fully stirred by a spatula to rule out time difference. The curves are plotted in Fig. 20 with 

fitting result in  

Table 10. The average errors of these measurements are respectively 1%, 1% and 1%. The fitting 

results of TA and rheometer measurement give less agreement and larger 95% confidence interval. 

This reflects the complexity of the system and the difficulty of the prediction. The photos taken 

during the measurement are shown in the appendix (Fig. 28). 

 

Fig. 20 Force as a function of probe speed of the Mayonnaise samples 

 

Table 10 Fitting results of TA and rheometer measurements of mayonnaise samples 

rheometer τ0 (Pa) k (Pa·s
n
) n 

premix 12.6  (10, 14) 12.3  (11, 14) 0.363  (0.33, 0.39) 

setting1 12.1  (6.4, 18) 22.9  (17, 29) 0.307  (0.26, 0.36) 

setting2 21.1  (18, 25) 17.2  (14, 21) 0.374  (0.33, 0.42) 

TA F0 (N) K1 (N·s
n
/mm

n
) n 

premix 0.0281 (0.0041, 0.052) 0.05881 (0.035, 0.083) 0.310  (0.23, 0.39) 

setting1 0 (-0.41, 0.25) 0.194  (0.18, 0.21) 0.222  (0.20, 0.25) 

setting2 0.124  (0.10, 0.15) 0.114  (0.091, 0.14) 0.342  (0.30, 0.38) 

 

With the drag flow relations of Tokpavi et al. in 2.2.2, the force vs. speed curves of the mayonnaise 

samples are calculated and compared with the experiment data. The result is shown in Fig. 6. 

However, a deviation can be seen in high Od region. Due to this reason, using the TA data to solve for 

the rheology parameters doesn’t produce an ideal result as well (Table 11). 
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Table 11 Solved and experimental value of the rheology parameters of the mayonnaise samples 

rheometer τ0 (Pa) k (Pa·s
n
) n 

premix 12.6  (11, 14) 12.3  (11, 14) 0.363  (0.33, 0.39) 

setting1 12.1  (6.4, 18) 22.9  (17, 29) 0.307  (0.26, 0.36) 

setting2 21.1  (17.51, 24.76) 17.2  (13.61, 20.85) 0.374  (0.33, 0.42) 

solve F0 (N) K1 (N·s
n
/mm

n
) n* 

premix 2.80 15.1 0.363 

setting1 0.317 104 0.307 

setting2 11.3 29.3 0.374 

*the flow index is taken as a known parameter for the solving  

A parity plot of the flow indices acquired from the TA and the rheometer is shown in Fig. 21. For 

most of the samples, similar flow indices were acquired.  

 

Fig. 21 Parity plot of the flow indices acquired from TA and rheometer 

4.4 Relaxation measurement 

The relaxation measurements were performed on the shear thinning systems. For the Carbopol 

solution a typical curve is shown in Fig. 22. The force decayed rapidly in the first seconds and then 

gradually reached equilibrium where the decrease could be hardly observed. As the force reached 

equilibrium, the curves of different pre-shear speed overlapped. 
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Fig. 22 Relaxation measurement of the Carbopol solution 

To acquire systematic results, the curve is fitted with a stretched exponential model (Eq. 3). The 

fitting has a typical R
2
 larger than 0.97. The result of the fitting is listed in appendix (Table 16). The 

average value of  is 0.1060 (buoyancy adjusted) with an error of 4% estimated from the standard 

deviation of the result. It shows that the equilibrium force has nothing to do with the pre-shear 

speed. This suggests the force we acquired only relates to the property of the material, the dynamic 

yield stress.  

Also, the value of the dynamic yield stress can be determined. Since, the yield stress can be seen as 

the shear stress where the plunging speed approaches zero. In this situation, the expression of 

Tokpavi gives a plastic drag coefficient Cd* of 11.83. Then from the force we acquire from the 

relaxation measurement, a stress value of 15.11 Pa can be calculated. This number is comparable to 

the fitting the result of the rheometer measurement, which is 20.68 Pa. 

For the emulsions, the curves were the same as those from the Carbopol. Fitting these curves, the 

equilibrium forces for these measurements were determined (Table 12). For emulsion A, B and C, the 

average values are respectively 0.0456 N, 0.0741 N and 0.0168 N, with an error of 5%, 1% and 4%. 

From the force determined from the relaxation measurements, the dynamic yield stresses were 

calculated, which are 6.50 Pa, 10.57 Pa and 2.40 Pa, for emulsion A, B and C respectively. 

Table 12 Equilibrium forces from the relaxation measurements of emulsion samples 

speed (mm/s) 0.2 0.5 1 2 4 8 16 32 

emulsion A 0.0495 0.0461 0.0434 0.0436 0.0441 0.0448 0.0466 0.0467 

emulsion B 0.0742 0.0732 0.0753 0.0748 0.0749 0.0747 0.0739 0.0721 

emulsion C 0.0161 0.0166 0.0173 0.0176 0.0174 0.0172 0.0166 0.0160 

 

Typical curves of Xanthan solutions are plotted in Fig. 23. Again, the stretched exponential model fits 

the force vs. time curve very precisely with a typical R
2 

larger than 0.99. The equilibrium force 

(buoyancy adjusted) acquired from fitting is listed in Table 13. For 0.5, 1 and 1.5 wt% xanthan 

solutions, the average results were respectively 0.0039 N, 0.0138 N and 0.0276 N with an error of 6%, 

10% and 4%. 
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Fig. 23 Typical curve of relaxation measurement of Xanthan solution (here is 1 wt% ) 

 

Table 13 Equilibrium force of the relaxation measurements on Xanthan solutions 

speed (mm/s) 0.2 0.5 1 2 4 8 16 32 

0.5 wt% 0.00344 0.00397 0.00403 0.00421 0.00413 0.00391 0.00388 0.00394 

1 wt% 0.01425 0.01441 0.01597 0.01455 0.01407 0.01356 0.01250 0.01089 

1.5 wt%   0.02903 0.02921 0.02714 0.02775 0.02731 0.02667 0.02636 

 

Although for 0.5 and 1 wt% xanthan solutions the result fits better with the power law relation, 

which includes no yield stress, the relaxation measurements gave the values of the equilibrium force 

greater much than the buoyancy. According to the force, the dynamic yield stresses were calculated, 

which are 0.56 Pa, 1.96 Pa and 3.94 Pa, for 0.5, 1 and 1.5 wt% samples respectively. The value of the 

yield stress is relatively low, especially for 0.5 and 1 wt% sample, which could be the reason that 

these two samples fit better with power law relation. 

The result of the relaxation of the mayonnaise samples is slightly different. Fig. 24 shows the result 

from the setting 1 mayonnaise. The curves do not overlap very well. In fact, the curves reached 

equilibrium much slower than the former samples, as the result, they did not get to the same value 

in the end of the measurements.  
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Fig. 24 Typical relaxation curve of the mayonnaise sample (here is setting 1) 

The fitted curve of the experiment data shows again good agreement with a typical R
2
 larger than 

0.95. The forces determined from the fitting are listed in Table 14. The average equilibrium force for 

the premix, setting 1 and setting 2 mayonnaise samples are respectively 0.0305 N, 0.0740 N, and 

0.0878 N, with an error of 11%, 8% and 8%. 

Table 14 Equilibrium force of the relaxation of the mayonnaise samples 

speed (mm/s) 0.2 0.5 1 2 4 8 16 32 

premix 0.0331 0.0317 0.0332 0.0303 0.0285 0.0349 0.0277 0.0250 

setting 1 0.0715 0.0682 0.0845 0.0800 0.0775 0.0726 0.0685 0.0692 

setting 2 0.0927 0.0931 0.0865 0.0839 0.0821 0.1007 0.0816 0.0820 

 

For the result of the relaxation measurement, although the curves at different pre-shear speed didn’t 

overlap, the equilibrium forces acquired were almost at the same value. There might be a slight 

difference between the results of each condition, but there was not a trend of the force observed 

with the change of the pre-shear speed. Therefore, the different of the force value could result from 

experimental error or the model. The dynamic yield stresses determined from the forces are 4.35 Pa, 

10.55 Pa, and 12.52 Pa. 

In conclusion, the yield stress can be also determined by TA, but in some cases it shows different 

from the rheometer results (Fig. 25). Three reasons could leads to this disagreement. First, the wall 

slip effect may cause differences in apparent viscosity, as the rheometer and the TA have different 

measurement geometry. Second, the yield stress determined from the rheometer is not a direct 

measurement value but a fitted parameter. In the end, the literature correlation of the drag force is 

not perfectly valid, especially considering the assumption we made to treat the grid as a cylinder. 
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Fig. 25 Parity plot of the yield stresses acquired from TA and rheometer 

5. Conclusions and outlook 
It was found that the rheological parameters of the samples can be solved for on the basis of the 

data of a series of Stevens measurement, and the drag force correlation. The flow indices acquired 

corresponded well with the result of the rheometer measurement. The yield stress can be also 

determined from the relaxation measurement. There was deviation between the yield stresses and 

the flow consistencies determined from different methods.   

To acquire the Non-Newtonian parameters more precisely from the TA, a better drag flow model for 

the grid in a shear thinning liquid, for which a CFD analysis might help. Also, a roughened probe may 

be useful to rule out the wall slip that causes the error in the measurement especially for the yield 

stress. 

 

Appendix 
According to the study of De Basses et al., the drag coefficient Cd can be expressed as a function of n 

and Od: 

 (Eq. 19) 

with 

 (Eq. 20) 

and  

  (Eq. 21) 
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Here C1 to C7 are constants, whose values are listed in Table 15  

Table 15.  

Table 15 Constants in the theory of De Besses et al 

C1 C2 C3 C4 C5 C6 C7 

19.391 1.022 11.631 1.845 0.16 0.729 2.669 

 

Table 16 Fitting result of the relaxation measurement of the Carbopol solution 

speed (mm/s) 0.2 0.5 1 2 4 8 16 32 

tc 0.4304 0.4261 0.8346 0.5554 0.3977 0.2706 0.2096 0.2072 

r 0.2279 1.3404 0.3881 0.3977 0.3786 0.3709 0.4129 0.6069 

Fe,∞(N) 0.1117 0.1106 0.1006 0.1033 0.1069 0.1066 0.1061 0.1025 

 

The particle size distribution of the oil-in-water emulsion was measured. The result is illustrated in 

Fig. 26. For emulsion A, B and C, the  values are respectively 6.358, 4.863 and 4.886 µm. The 

spans for each sample are 1.248, 1.178 and 1.328. 

  

Fig. 26. Particle size distributions of the emulsions 
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Fig. 27 The surface of the Xanthan during a TA measurement (1 wt% at 1 mm/s) 

 

 

Fig. 28 The surface of the mayonnaise during a TA measurement (setting1 at 1 mm/s) 
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