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Abstract7

The design process of mixers agitating non-Newtonian �uid �ow is usually8

performed with several well-known correlation methods. These methods has9

been the issue of many studies of the last few decades, so they are well dis-10

covered and often extended. But these studies also disclose the dependency11

of the correlation methods on the rheology of the �uid �ow. Due to the12

good applicability the discovered dependencies were often neglected. In this13

paper the existing methods will be investigated experimentally for agitating14

viscoelastic as well as viscoinelastic �uid �ow to determine the in�uence of15

viscoelasticity on the power consumption of agitating non-Newtonian �uid16

�ow.17
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1. Introduction20

The estimation of the power consumption for mixing processes of non-21

Newtonian �uid �ow is usually performed by several correlation methods.22

These methods are based on the power consumption of mixing Newtonian23

�uid �ow.24

The correlation process is necessary because the viscosity of the non-25

Newtonian �uid depends on the local shear rate. Since the shear rate is26

typically unknown before the mixing process is developed, the design process27

can't be performed without the correlation with Newtonian power character-28

istics.29

The common methods to design mixing processes are investigated by30

Metzner and Otto <1> and by Rieger and Novak <2; 3; 4>. Both methods31

were often improved. Henzler et. al. proposed a concept based on the power32

of the mixer instead on the shaft speed, as introduced by Metzner and Otto33

<5>. A very similar concept was chosen by Wassmer et. al. <6>. Reviol34

recommended a concept based on the power, which is developed using an35

analytic formulation of the mixing process. The concept can be transformed36

to the concept by Wassmer et. al. and was con�rmed by experimental37

investigations <7; 8; 9>. A summary of the established methods can be38

found in <10> and <11>.39

Although the concepts by Metzner and Otto and by Rieger and Novak are40

state of the art, these concepts were often criticized. Especially the depen-41

dency of Metzner's and Otto's concept on the mixed �uid was emphasized42

<12; 13; 14>, but also the missing of the dimensional accuracy <15>, which43

possibly leads to wrong power calculation <16>. The concept by Rieger and44
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Novak was also criticized, but has been con�rmed for creeping �ow by <17>45

and <18>. In spite of all these disadvantages, both concepts are usually46

applied due to their simplicity <19>.47

A few years ago, Höcker et. al. identi�ed the correlation factor by Met-48

zner and Otto beeing a function of the �uid �ow, too. This was the �rst49

time, the concept by Metzner and Otto was related to the viscoelasticity of a50

�uid <13>. Reviol et. al. also discovered the dependency of this concept on51

the �uid as well as on their own concept <7; 8; 9>. Neither Höcker et. al.52

nor Reviol et. al. performed investigations in purely viscous and viscoelastic53

�uid �ow. So, a comparison is still missing.54

In this paper, the comparison of the e�ects of various non-Newtonian �uid55

�ow on the mixing process is investigated. The experiments are performed56

for �uids, which are purely viscous and for �uids with viscoelastic behaviour.57

2. Fundamentals of Rheology58

A substantial problem in analysing literature that handles the power con-59

sumption of agitating non-Newtonian �uid �ow and its dependencies is the60

inadequate documen-tation of the physical parameters of the used �uids for61

the mixing process. Model �uids can be prepared and analysed using various62

methods. This causes di�erences in interpreting the performed measurement63

values. Especially the di�erences in measuring physical properties of the �uid64

cause misunderstandings.65

Hence, all in this study used methods to characterize �uid properties will66

be clearly described.67
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2.1. Purely viscous �uid �ow68

If the state of stress is totally characterized by the shear viscosity µ, the69

�uid will be purely viscous. A more ideal case is given for a constant viscosity70

and is described by Newton's law, see equation 1. Herein, τ is the shear stress71

and γ̇ the shear rate.72

τ = µ · γ̇ (1)

In real processes, the shear viscosity is usually variable. In the process73

industry, especially the dependency on the deformation state is highly impor-74

tant. The deformation state can cause either pseudoplastic or dilatant �uid75

behaviour. In the present study, all discussed investigations were carried out76

with pseudoplastic �uid behaviour.77

The mathematical formulation of non-Newtonian viscous �uid �ow is typ-78

ically done by applying several empirical laws. These laws approximate the79

shear stress or the viscosity as a function of the shear rate. A very com-80

mon law is the power-law by Ostwald and DeWaele according to equation 2.81

Herein k is called consistency and m �ow index.82

τ = µ · γ̇m (2)

For a better approximation, equation 2 can be extended by the summand83

a, see equation 3. The dimension of the Parameter a is the same as for the84

shear stress τ .85

τ = µ · γ̇m − a (3)
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By the application of a power law, the range of very low and very high86

shear rates will be neglected. These ranges are each identi�ed with a constant87

shear viscosity, which can't be represented by a power law. Many technical88

processes are between these ranges, so the application of a power law for89

the technical �uids sector is acceptable due to the insigni�cance of these two90

ranges for the process <20>. In the present paper, the purely viscous �uid91

properties will be described by the parameters according to equation 3.92

2.2. Viscoelastic �uid �ow93

If the state of stress depends on viscous and elastic properties, the �uid94

will be characterized being viscoelastic. For a deformation with su�cing95

small amplitudes, the �uid �ow can be described with models for linearly96

viscoelastic (LVE) �uids.97

One model to describe LVE-�uids was introduced by Maxwell, see �gure 1.98

The model consists of a dashpot and a spring element. The dashpot element99

characterizes the shear viscosity µ while the spring element describes the100

elastic behaviour by the rigidity modulus G0.101

mG
0

Figure 1: Maxwell model

Hence, a deformation that causes the shear rate γ̇ can be separated in its102

viscous part γ̇visc and its elastic part γ̇elast. The sum of both parts, together103

with the laws by Newton and Hooke will lead to the di�erential equation 4.104

γ̇ = γ̇visc + γ̇elast =
τ

µ
+

τ̇

G0

(4)
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Deforming a �uid according to equation 4 by a sudden impulse and ob-105

serving this �uid for an adequate time interval, it will be clear that the106

normalized shear stress is fading, as can be seen in �gure 2. Typically the107

shear stress is standardized with the shear strain γ0 of the sudden impulse.108

The fading starts from the rigidity modulus G0 and can be represented by109

the substance-related relaxation function G (t). The time to describe the110

relaxation can be characterized by the relaxation time λ.111

0 t

G(t)

G0

t
g0

l

Figure 2: relaxation function

Equation 5 gives the well-known relation between shear viscosity and112

stress relaxation.113

µ = λ ·G0 (5)

Considering equation 5 the di�erential equation 4 can be written as:114

τ + λ · τ̇ (t) = µ · γ̇ (t) (6)

With equation 6, the description of the actual state of stress of a LVE-�uid115

is possible. For the ideal case of a purely viscous �uid, the relaxation time116
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will be λ = 0 and equation 6 transforms into equation 1. For this reason, the117

viscoelastic character of a �uid can be speci�ed by the relaxation time λ. This118

thesis is provided by experimental investigations of water, which is almost119

purely viscous. For water a relaxation time of approximately λ = 1 · 10−12 s120

can be measured. In contrast, melts of macromolecules show relaxation times121

of up to λ = 1 · 102 s <21>.122

Hence, in the present investigation the relaxation time of the Maxwell123

model is adopted to characterize the viscoelastic behaviour of the considered124

�uids.125

2.3. Generalized Maxwell model126

The Application of the Maxwell model on real �uids is often inappropri-127

ate. For macromolecule melts, Mezger proposes the following description: A128

single Maxwell model will represent a fraction with the same mole weight in a129

good accordance. But real molecular melts will consist in di�erent molecular130

weights <22>. Therefore an arbitrary number of single Maxwell elements131

will be connected in parallel order. Figure 3 illustrates a generalized Maxwell132

model in an exemplary arrangement.133

The Application of a generalized Maxwell model allows the estimation of134

the relaxation function with equation 7 <20; 23>. Herein, the parameters Gj135

and λj represent the discrete values of the relaxation function, respectively136

the relaxation time of a certain single Maxwell element.137

G (t) =
z∑

j=1

Gj · exp (−t/λj) (7)

To determine the mean relaxation time λ of the generalized Maxwell138
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1. 2. 3. j.

mj

G0,j

Figure 3: generalized Maxwell model

model equation 8 can be used. This equation contains the zero-shear-rate-139

viscosity µ0, that describes the constant viscosity range for low shear rates.140

µ0 is calculated with equation 9.141

λ =
1

µ0

·
z∑

j=1

Gj · λ2
j (8)

µ0 =
z∑

j=1

Gj · λj (9)

For a detailed description of the generalized Maxwell model please refer142

to <20; 23; 24>.143

2.4. Estimation of �uid properties for the LVE-range144

To de�ne a certain generalized Maxwell model, several oscillation tests are145

necessary. With a frequency sweep, the parameters of the LVE-range can be146

analysed, especially the relaxation function respectively the relaxation time147

λ. The resulting parameters of a frequency sweep are valid for the LVE-range148

only. To ensure applicable measurements, a amplitude sweep is necessary to149
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identify the LVE-range limit, represented by a characteristic shear amplitude150

λLVE, before a frequency sweep is performed.151

In the context of this paper, all generalized Maxwell models are developed152

according to a proposal by Baumgaertel and Winter <24>. This proposal153

estimates the spectrum of the relaxation function for all elements as well as154

their relaxation times and the quantity of the Maxwell elements.155

3. Procedures to design an agitator156

In this study, only the procedures by Metzner and Otto, which is based157

on the shaft speed, respectively the procedure by Reviol, which is based on158

the power of the agitator, will be considered. Both procedures will be shortly159

summarized in the following:160

The shaft speed based concept by Metzner and Otto161

Metzner and Otto investigated a Rushton turbine for laminar �uid �ow.162

The limit of the laminar range was speci�ed by Re = 10 <25; 26; 27>.163

Metzner and Otto postulated a proportionality between the agitator's shaft164

speed n and a representative shear rate γ̇, see equation 10 <1>. The intro-165

duced proportional factor KMO was identi�ed being speci�c for the agitator's166

geometry.167

γ̇ = KMO · n (10)

Although the concept of Metzner and Otto is criticised especially for its168

dependence on the mixed �uid, the concept became standard in dimensioning169

agitators <11; 19>.170
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The power based concept by Reviol171

Reviol examined a propeller mixer in the laminar range too, but also172

for higher Reynolds numbers <7>. Coming from an analytic consideration173

of the agitator's power, Reviol identi�ed a concept as shown in equation174

11. Herein, Re is the Reynolds number, NP the power number, while C0175

represents a factor, that is speci�c for geometry. Similar to KMO, Reviol et.176

al. identi�ed C0 as being depend on the �uid <8; 9>. The shear rate γ̇ is177

also a representative value for the entire agitator.178

γ̇ = ReNP · C0 · n (11)

A special issue of the concept is its ability to be transformed into Metzner179

and Ottos concept for laminar �uid �ow because of the constant character180

of the product of Reynolds number Re and power number NP in this range,181

as described by Rushton <25; 26>.182

The procedures described above are both based on a relationship between183

the agitator's shaft speed n and the representative shear rate γ̇. For a design184

point related to the shaft speed n∗ the representative viscosity µ∗ can directly185

be calculated. With this value, a Reynolds number and also a power number186

can be derived, if the function NP = f (Re) was examined before. From the187

power number N∗
P the needed power P ∗ can be derived. Figure 4 shows a188

scheme of the procedure, beginning with the shaft speed n∗. A more detailed189

description can exemplarily found in <10> and <28>.190
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Figure 4: procedure of estimating the agitator's power, based on the shaft speed n∗

4. Investigated Fluids191

For the estimation of the in�uence of �uid properties on the power con-192

sumption, these properties must be known at �rst. In this study the param-193

eters to describe purely viscous �uids as well as the parameters to describe194

viscoelastic �uids had to be quanti�ed. Concerning purely viscous properties,195

these parameters were measured by rotation viscometry. The viscometer was196

a searl-type viscometer by Brook�eld. The viscoelastic properties of the �uid197
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were analysed by several oscillation tests. All oscillation tests were performed198

in a plate to plate arrangement with a viscometer from Haake.199

4.1. Fluids with minor viscoelastic characteristics200

The modelling of purely viscous �uid �ow was achieved by three aque-201

ous Carboxymethyl-Cellulose(CMC)-mixtures. The examined mixtures were202

built with the CMC-concentrations c1 = 1.0 wt%, c2 = 1.5 wt% and c3 =203

2.0 wt%. The inserted CMC was of the type Walocel CRT 40000 PV by Dow.204

All mixtures were manufactured by mixing CMC-powder in water with a lab-205

oratory mixer. Before measuring the samples, all samples were subjected to206

a rest period of 24 hours.207

In a �rst step, a rotation test was performed to estimate the shear vis-208

cosity of all three CMC-mixtures. Each mixture was measured at least �ve209

times. The results of all measurements are summarized by the functions of210

the shear viscosity over the shear rate, as can be seen in �gure 5. The graph211

only shows the mean values of all measurements of each mixture. Figure 5212

also discloses the standard deviation of each measurement point.213

Especially for low shear rates, the standard deviation increases. In this214

range, �ow reactive forces within the viscometer were too low for the limits of215

the intended measurement devices. For the following approximation with the216

power law according to equation 3, the range described above was neglected217

to avoid the in�uences of limited accuracy of the measurement device on218

the quality of the obtained parameters. The negligence of the range is also219

important due to the proximity to the zero-shear-rate-viscosity µ0. In the220

range of the zero-shear-rate-viscosity, power laws are inadequate to represent221

the behaviour of the �uid. For each concentration, the mean values of all222
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Figure 5: curves of viscosity for all investigated CMC-mixtures, mean values

estimated Parameters are summarized in tabular 1.223

In the next step, the viscoelastic properties of the mixtures were inves-224

tigated. For this, new samples of all mixtures were manufactured to obtain225

unstressed samples. This proceeding is necessary to avoid the in�uence of226

structural injuries as a result of the shear tests or ageing e�ects. The method-227

ology of the experiments contains at least three series of measurements for all228

CMC-mixtures. In these series, several oscillation tests were performed and229

each were repeated at least �ve times for any series. Due to simplicity, the230

following presentations of viscoelastic properties only contain representative231

results from the �rst series of measurements.232
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Table 1: Parameters of the power law function for the three CMC-mixtures, mean values

c [wt %] k [Pasm] m [−] a [Pa %]

1.0 8.25 0.3949 3.808
1.5 41.13 0.2794 19.85
2.0 100.6 0.2346 50.47

To obtain the viscoelastic �uid parameters, several oscillation tests were233

performed, as mentioned before. At �rst, an amplitude sweep was carried out234

to identify the LVE-range. All amplitude tests were performed for a speci�ed235

frequency. The frequency is from minor importance for the LVE-range limit236

and was chosen as ω = 10 rad/s because of industrial practice <22>. The237

shear deformation was enlarged from γ0 = 0.01 to γ0 = 10. Subsequently, a238

frequency sweep has been performed. The limit for shear deformation was in239

each case chosen according to the estimated value of the amplitude sweep.240

The frequency ranged from f = 0.01 Hz to f = 10 Hz. As a result of241

the frequency sweep, storage modulus G′ and loss modulus G′′ of all three242

CMC-mixtures were estimated. The course of these parameters can be seen243

in �gure 6.244

Based on the results of the frequency sweep, the relaxation functions G (t)245

of all CMC-mixtures were calculated. Figure 7 illustrates the results. As can246

be seen, the results of each mixture are very similar.247

The calculation of the generalized Maxwell model was performed accord-248

ing to the adaption by Baumgaertel and Winter <24>, so the quantity of249

the single Maxwell elements was estimated by a numerical procedure. Not250

less than four and at most six elements were applied.251

The procedure of the generalized Maxwell model delivers the relaxation252
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Figure 6: Storage- and loss modulus of the three CMC-mixtures, representative results
from the �rst series of measurements

function as well as the relaxation time. The examined relaxation times and253

the before measured limits of each LVE-range are summarized in tabular254

2. The relaxation time ranges from λ = 55 s to λ = 75 s, so all relaxation255

times are close together, as could be assumed for similar relaxation functions.256

Hence, in the following a minor viscoelastic behaviour of CMC-mixtures will257

be assumed.258
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Figure 7: relaxation function of the three CMC-mixtures, representative results from the
�rst series of measurements

4.2. Fluids with distinct viscoelastic characteristics259

To obtain a �uid with distinct viscoelastic properties, three aqueous260

Polyacrylamide(PAA)-mixtures were created. The following three concen-261

trations of the mixtures were chosen: c1 = 1.0 wt%, c2 = 1.5 wt% and262

c3 = 2.0 wt%. The mixtures were manufactured with PAA-granulate by263

Carl-Roth GmbH. The production process as well as the investigations to264

determine viscous and viscoelastic �uid properties of the mixtures were in265

the same way than for the CMC-mixtures.266
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Table 2: Parameters of the power law function for the three CMC-mixtures, mean values

c [wt %] γLVE [−] λ [s]

1.0 0.1924 54.93
1.5 0.1677 67.78
2.0 0.1498 73.51

Figure 8 illustrates the curves of viscosity for the three investigated PAA-267

mixtures. In the range of low shear rates, the measurement was less accurate268

due to the limited exactness of the measurement device, as already mentioned269

above. The range of low accuracy was neglected when applying equation 3270

to obtain the �uid parameters. These are summed up in tabular 3.271

Table 3: Parameters of the power law function for the three PAA-mixtures, mean values

c [wt %] k [Pasm] m [−] a [Pa %]

1.0 2.45 0.3282 1.070
1.5 7.16 0.2717 1.948
2.0 15.14 0.2364 3.968

As can be seen in tabular 1 and 3, the �ow indices of all investigated272

�uids are in the same range for each concentration. A similar purely viscous273

behaviour of all analysed �uids can be certainly expected.274

Furthermore, �gure 8 shows an ascending slope for all viscous curves in275

the range of high shear rates. The crossover from the power-law range to the276

in�nite-shear-rate viscosity µ∞ was probably reached. For this range, power277

laws become void. In this paper, the approximation with equation 3 caused a278

very low error sum of squares, so the validity of equation 3 was still assumed.279

All experiments to determine viscoelastic �uid properties were developed280

in the same way than for CMC-mixtures. Samples of all PAA-mixtures were281
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Figure 8: curves of viscosity for all investigated PAA-mixtures, mean values

newly manufactured to avoid damages as a reason of shear tests and ageing282

e�ects. At the beginning of the experiments, the limit of the LVE-range was283

identi�ed by amplitude sweeps. In the following frequency sweeps, relaxation284

and loss modulus were determined. The number of repetitions of all experi-285

ments was just as for the experiments to investigate the CMC-mixtures.286

From the frequency sweeps the storage modulus G′ and loss modulus G′′
287

are resulting. These are depicted in �gure 9 for all PAA-mixtures. Based on288

both moduli, the relaxation function G (t) of each PAA-mixture was calcu-289

lated. The course of the resulting curves are presented in �gure 10. A clear290

spacing between all mixtures can be identi�ed.291
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Figure 9: Storage- and loss modulus of the three PAA-mixtures, representative results
from the �rst series of measurements

The procedure to determine the relaxation modules of the PAA-mixtures292

also requires an approximation by a generalized Maxwell model. In this293

study the adaption by Baumgaertel and Winter <24> leads to three up to294

�ve single Maxwell models.295

The calculation of the relaxation function delivers also the relaxation time296

of each mixture. Corresponding to the space between each relaxation func-297

tion, the characteristic time rises with increasing PAA-concentration from298

λ = 49.09 s to λ = 117.8 s in an strong manner. Because of the higher299
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Figure 10: relaxation function of the three PAA-mixtures, representative results from the
�rst series of measurements

values in comparison to the relaxation time of the CMC-mixtures, a de�nite300

distinct viscoelastic behaviour of PAA-mixtures will be supposed, especially301

due to the rising values within the di�erent concentrations of PAA. The302

calculated relaxation times and the estimated limits of the LVE-range are303

summarized in tabular 4.304

4.3. Comparison of all considered �uids305

To compare the viscous behaviour of �uids, their viscosity curves can be306

considered and a clear impression is resulting. An also clear methodology to307
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Table 4: Parameters of the power law function for the three PAA-mixtures, mean values

c [wt %] γLVE [−] λ [s]

1.0 0.1932 48.46
1.5 0.1506 104.51
2.0 0.1564 117.92

compare viscoelastic �uid properties was introduced by Pipkin <29>. Pip-308

kin proposed the plot of a characteristic shear amplitude, e.g. the limit of309

the LVE-range, over Deborah's number. In the present paper, the Deborah310

number was calculated according to equation 12. Herein, ω is the charac-311

teristic rotary frequency, as chosen for the amplitude sweeps and refers to a312

value of ω = 10 rad/s.313

De = ω · λ (12)

In �gure 11, Pipkin's diagram for the considered �uids is shown. All314

�gures above, containing viscoelastic �uid properties, only contained selected315

results due to a simple illustration. In this �nal results, the measurement316

values of all experiments were taken into account. So the deviations of all317

measurements are depicted too.318

As can be seen, all CMC-mixtures are characterized by lower Debo-319

rah numbers than PAA. Especially the concentration c2 = 1.5 wt% and320

c3 = 2.0 wt% are close together. The PAA-mixtures causes higher Deborah321

numbers. Only the sample with c = 1.0 wt%-PAA is characterized by a lower322

Deborah number, than two CMC-mixtures. Remarkable is the big step size323

between the single PAA-mixtures. The limit of the LVE-range is in the same324

order for all considered �uids.325
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Figure 11: Pipkin's Diagram for the CMC- and PAA-mixtures, mean values of all series
of measurements

5. Experimental setup326

The test bench is illustrated in �gure 12, containing the agitator device327

and the circular vessel. For visual observation, the vessel was manufactured328

in Polymethylmethacrylate. The diameter of the vessel amounts 290 mm329

and the height 492 mm. The resulting volume is about 32.5 l.330

On the top of the vessel, the agitator device can be connected coaxially.331

The agitator is a propeller mixer (1), which is engaged to a DC motor (2).332

Between agitator and motor, a sensor (3) is placed to record torque and shaft333

speed. The measurement range of the sensor reaches from up to 0.5 Nm for334

torque. The motor can be regulated by a control unit. The maximum shaft335

speed is continuously adjustable and amounts 200 min−1. An additional336

sensor observes the �uid temperature near the agitator. The applied sensor337

is of the type PT100.338

The �nal analysis of the measurement values will be performed by a339

22



3

2

1

Figure 12: Test bench

matlab-based algorithm and contains sub-algorithms to execute the di�erent340

design procedures as described in chapter 3.341

6. Experimental results342

As shown in chapter 3, the power consumption for agitating non-Newtonian343

�uid �ow will be estimated indirectly with the function NP = f (Re), see also344

�gure 4. This means, a speci�c design point P ∗, which is based on N∗
P must345

be calculated by the function composition Re∗ ◦ µ∗. The e�ective shear vis-346

cosity µ∗ is calculated by the power law according to equation 3 and with347

a design procedure referred to equation 10 or 11. Both design procedures348
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include a proportionality factor that is depending on the mixed �uid. Hence,349

the in�uence of the �uid properties will be best represented by the propor-350

tionality factors. For this, the presentation of the experimental results will351

be done by depicting the proportional factors instead of the estimated power352

curves.353

The experiments that are the basis of the following presented proportion-354

ality factors were repeated at least �ve times. To evaluate the parameters,355

�rst all experimental data was averaged. The depicted error bars result from356

using the standard deviation. The approximation of the power-law range of357

the �uid was performed according to equation 3. The usage of Ostwald's and358

DeWaele's power law, see equation 2, was su�cient too, but the estimated359

error sum squares were higher than for equation 3.360

6.1. Fluids with minor viscoelastic characteristics361

Figure 13 shows the course of the proportionality factor KMO which was362

introduced by Metzner and Otto. Instead of its de�nition, the factor was363

treated as a function of the Reynolds number. So the value of KMO was364

repetitively calculated for each measured Reynolds number. Notice the char-365

acter of the Reynolds number as an e�ective number. Figure 13 contains the366

results of all three CMC-mixtures.367

The distribution of the measurement values shows a monotonically in-368

creasing trend. An exception can be found as a local extremum for all369

mixtures. Furthermore, a clear distinction of all mixtures can be identi-370

�ed. The measurement faults in case of low Reynolds numbers are caused371

by small reactive forces for small shaft speed and the limit of the applied372

sensors. However, the large measurement error of the measurements with a373
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concentration of c3 = 2.0 wt% are not resulting from reactive forces. As a374

conditional of manufacturing the samples, air was dispersed. Probably, the375

dispersed air causes highly di�ering values in torque, but the trend was es-376

timated plausible, as the comparison with the results of the other mixtures377

substantiate. The experiments with lower concentration were not concerned.378

Figure 13: Course of KMO as a function of Re, results for all CMC-mixtures, represented
by mean values

Figure 14 illustrates the course of the proportionality factor C0 as a func-379

tion of the e�ective Reynolds number. All investigated concentrations are380

presented. The data for C0 are also at �rst rising and di�ering for varying381

concentrations, as seen before in �gure 13 for KMO. It has to be mentioned,382
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that next to this range a plateau-like course is following, which is character-383

ized by nearly constant values.384

Figure 14: Course of KMO as a function of Re, results for all CMC-mixtures, represented
by mean values

The extrema, shown in �gure 13, and the starting point of the depicted385

plateau ranges in �gure 14, can both be localized at Reynolds numbers of386

about Re ≈ 10.387

6.2. Fluids with distinct viscoelastic characteristics388

All measurements, performed in PAA-mixtures that are analysed under389

the terms of Metzner's and Otto's concept, are summarized in �gure 15.390

26



Figure 15: Course of KMO as a function of Re, results for all PAA-mixtures, represented
by mean values

The plot shows �rst rising then decreasing and in the following again391

rising values in the range of low Reynolds numbers from about Re ≈ 0.1392

to approximately Re & 10. For higher Reynolds numbers of about Re &393

100 the values are decreasing again but this time in a strong manner. The394

results also show the variation of the proportionality factor for the di�ering395

concentrations of PAA, as seen before in �gure 13 and 14. But as can be396

seen for PAA, the spacing between the curves is lower than for CMC.397

The reason for measurement faults in the range of low Reynolds numbers398

are also coming along with the small reactive forces for small shaft speeds.399
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So, the limited measurement range of the sensors will cause the in �gure 15400

shown deviations.401

Figure 16: Course of C0 as a function of Re, results for all PAA-mixtures, represented by
mean values

The course of the proportionality factor C0 is illustrated in �gure 16.402

The plot contains all with PAA performed experiments and shows a similar403

magnitude order as seen before in �gure 14 for CMC. Comparing the for404

PAA-mixtures obtained proportionality factors of both concepts with each405

other, it is evident that C0 shows a smoother trend, although a constant406

range is not prevalent too. Except for a small scope in case of low Reynolds407

numbers, the trend of the course is monotonically decreasing with a clearly408
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rising slope for increasing Reynolds numbers.409

7. Discussion410

The results presented in �gure 13 till 16 show two di�erent kinds of de-411

pendencies. On the one hand, the proportionality factors are depending on412

the �ow characteristics, represented by the Reynolds number. On the other413

hand, the factors were in�uenced by the �uid itself as already has been men-414

tioned in the introduction of this study.415

Both in�uences will now be discussed, starting with the factor's depen-416

dency on the Reynolds number:417

Reynolds dependencies418

The investigations of �uids with minor viscoelastic character (CMC) dis-419

close the presence of a plateau range for the proportionality factor C0 in the420

scope of high Reynolds numbers. Before the plateau range is reached, curves421

are characterised by a rising trend. The plateau itself is always reached for422

Reynolds numbers of about Re ≈ 10. Because of the high measurement423

faults for low Reynolds numbers, the in�uences on the rising trend can't be424

clearly identi�ed. But it is remarkable, that the change happens in the lam-425

inar �ow regime. Be aware, that the de�nition of the region as laminar has426

been proposed by Rushton <25>. The �ow characteristic was not proven in427

this study. In contrast with the shaft speed based concept by Metzner and428

Otto, which leads to variable values for the whole measured range, the power429

based concept by Reviol is more adequate for �uids with minor viscoelastic430

character, here represented by aqueous CMC-mixtures.431
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The investigations performed with �uids disposing distinct viscoelastic432

characteristics (PAA) bared the unreliability of the shaft speed based con-433

cept by Metzner and Otto. The herein introduced proportionality factor434

changes many times for increasing Reynolds numbers and therefore a strong435

dependency can be presumed. The proportionality factor, introduced by Re-436

viol, is also a variable for viscoelastic �uid �ow, but the trend of the course437

is consistently in sections. Overall, the trend is monotonically decreasing. In438

both concepts, a small scope with a strong increasing slope and the range439

of high measurement faults can be found for low Reynolds numbers. Hence,440

the in�uence of the increasing slope can't be clearly identi�ed. The sudden441

decline of the courses for high Reynolds numbers are also remarkable. Espe-442

cially for Metzner's and Otto' concept, the decline can be seen obviously, but443

also Reviol's concept discloses a decline for this range. Possibly, this decline444

is caused by the inadequate approximation of the PAA-mixture's viscosity445

curves by a power law. In chapter 4, the proximity to the range of in�nite-446

shear-rate-viscosity µ∞ for all PAA-mixtures was already mentioned as well447

as the disability of power laws to describe non-power law regions, see chapter448

2.1. This indicates the necessarity of more complex models to approximate449

the viscosity curves.450

Fluid dependencies451

In addition to the dependencies on the Reynolds number, the investiga-452

tions examined an in�uence of both concepts on the �uid properties. With453

increasing concentrations of CMC respectively PAA, the proportional factors454

of the considered concepts were changing. This indicates the imperative to455

extend the considered concepts, when applying them on viscoelastic �uid456
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�ow. Several researchers already proposed modi�cations for the proportion-457

ality factor of Metzner's and Otto's concept: Calderbank and Moo-Young as458

well as Rieger and Novak pointed out the signi�cance of the �ow index m,459

on the power law according to equation 2 <3; 30>. Refer e.g. to <31> for460

further informations. Reviol also discovered the in�uence of the proportional461

factor on his concept. He considered this in�uence by the consistency k of462

the approximation by Ostwald's and DeWaele's power law.463

Reviol exposed in his examinations, that the shaft speed based concept by464

Metzner and Otto is a special case of the power based concept <7>. Hence,465

in the following only the power based concept will be discussed because of466

the imperative relevance for both concepts:467

Some of the in�uences described above, can be connected with the usage468

of an e�ective shear rate for the agitator to represent the total kinematics of469

a design point. Reviol discovered in the derivation of his concept the need of470

an apparent viscosity to correlate shaft speed and shear rate, instead of the471

more accurate viscosity function. The apparent viscosity is assumed as beeing472

characteristic for the whole process. Furthermore, this characteristic viscosity473

is used to calculate an e�ective Reynolds number and this number will �nally474

lead to a power number based on a power characteristic that was achieved by475

Newtonian �uid �ow before. The last step presumes a correlation between476

Newtonian and non-Newtonian �uid �ow that is not given as can be shown by477

dimensional analysis. In addition the derivation of the concept neglects the478

in�uence of normal stress components and stress relaxation e�ects. Hence,479

the description of viscoelastic �uid properties is not provided by this concept480
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<7>.481

The identi�cation of the inadequate modelling of the �uid properties in482

the fundamentals of the concepts as the reason for dependencies on �uid �ow483

is in good accordance to the results of the power based concept. Hence the484

power based concept is only valid for �uids with minor viscoelastic behaviour.485

To include viscoelastic �uid properties the extension of the considered con-486

cepts is necessary.487

8. Summary488

In the present paper, the in�uence of viscoelastic �uid properties on the489

power consumption of mixing processes was investigated. For this, the well-490

known shaft speed based concept by Metzner and Otto and the power based491

concept by Reviol was chosen.492

To identify the in�uence of viscoelastic behaviour, �uids with di�erent dis-493

tinct viscoelastic properties were adopted. For the approximation of nearly494

purely viscous �uids, aqueous Carboxymethylcellulose-(CMC)-mixtures were495

intended. However, the performed investigations showed a minor viscoelastic496

characteristic. Fluids with a distinct viscoelastic characteristic were repre-497

sented by aqueous Polyacryl-amide-(PAA)-mixtures.498

The determined results show a clear in�uence of the �uid characteristics499

on the used concept which will directly in�uence the design of the mixer.500

Furthermore, it is clearly shown, that purely viscous �uid properties a�ect501

the design process in another way, than viscoelastic �uid properties. One502

reason for this can be found in the inadequate consideration of viscoelastic503

�uid properties in the fundamentals of the investigated concepts.504
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Symbols505

a [Pa] Curve parameter
c [wt%] Concentration in percent by weight
C0 [−] Proportionality factor
d [m] Diameter

De = ωλ [−] Deborah number
f [Hz] Frequency

G0 = G (0) [Pa] Rigidity modulus
G (t) [Pa] Relaxation function
G′ [Pa] Storage modulus
G′′ [Pa] Loss modulus
j [−] Counter variable

KMO [−] Proportionality factor
k [Pasm] Consistency
m [−] Flow index
n [s−1] Shaft speed

NP = P
ρn3d5

[−] Power number

P [W ] Power

Re = ρnd3

µ
[−] Reynolds number

t [s] Time
z [−] Quantity of Maxwell elements

Greek Symbols506
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