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ABSTRACT. The mixing/agitation of time independent non-Newtonian fluids 
can be a challenge in many technological processes. In the present study, the 
influence of rheological parameters, K and n, on Reynolds number, power 
number and power consumption, for different concentration of carboxymethyl 
cellulose (CMC) solutions, 1%, 2%, 3%, 4 % and 5%, with shear-thinning 
behaviour, was analysed. The power consumption obtained by theoretical 
model and by an appropriate curve Po = f(Re) from experimental data, found 
in literature, was compared. The results have shown good agreement between 
calculated power number and the graphically determined values, and also 
minimal power consumption values comparable with those founded for the 
agitation of non-Newtonian liquids.  
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INTRODUCTION  

 
Agitation/mixing is one of the most common operations in the 

chemical, biochemical, polymer processing, and other industries. Almost all 
manufacturing processes entail some sort of mixing, and the operation may 
constitute a considerable proportion of the total processing time. Mixing is a 
physical process which aims to reduce the gradients of concentration, 
temperature and other properties in fluids. 

In mixing, there are two types of problems to be considered – how to 
design and select mixing equipment for a given duty and how to assess 
whether an available mixer is suitable for a particular application. In both 
cases, the following aspects of the mixing process must be evaluated: the 
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mechanisms of mixing, mixing time, scale-up or similarity criteria, specific 
power consumption, shear rate distribution and flow characteristics [1, 2]. 

From a practical point of view, power consumption is one of the most 
important parameter in the design of stirred vessels.  

Mixing power for non-aerated Newtonian fluids depends on stirrer 
speed, N, the impeller diameter and geometry, D, and fluid properties such 
as density ρ, and viscosity η, Equation 1 [3].  

 

53 DN
PPo

⋅⋅ρ
=                                                                               (1) 

53 DNPoP ⋅⋅ρ⋅=                                                                           
 

where: Po is the power number (-), and P - power consumption (W). 
The power number Po, a dimensionless group, has a significant effect 

on the definition of power consumption. 
The hydrodynamics is strongly dependent on the nature of the fluids 

involved in the mixing system. Shear-thinning fluids are a class of non-
Newtonian fluids, as in the present study, carboxymethyl cellulose (CMC) 
solution with different concentrations [4].  

Carboxymethyl cellulose (CMC) is a water-soluble cellulose derivative 
with many applications in food, pharmaceutical, cosmetics, detergent, textile, 
paper and many other industries. It is a white to off-white, non-toxic, odourless 
and biodegradable powder. CMC is used to enhance the viscosity, to control 
the rheology of a solution, to avoid separation of water from a suspension, 
and to improve the surface barrier properties [5].  

The rheological properties of CMC depend on the concentration of 
polymer and the degree of substitution, which varies from 0.5-1.2 [6]. 

The prediction of power consumption for agitation of time-independent 
non-Newtonian fluid, at a desired impeller speed, may be evaluated 
considering the dependence of power number on Reynolds and Froude 
number, Po = f(Re, Fr).  

The value of the Reynolds number is given by: 
 

eff

2DNRe
η

⋅⋅ρ=                                                                              (2) 

 
The corresponding apparent viscosity ηeff can be evaluated, either 

from a flow curve, or by means of the appropriate viscosity model (e.g. power 
law model). 
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Depending on the value of Reynolds number it was considered the 
laminar regime for Re < 10, when Re,/1Po ≅  turbulent regime Re > 103-104, 
when Po becomes independent of Reynolds number, and between them, the 
transition regime, when both density and the viscosity affect power 
requirements [1]. The influence of Froude number was neglected in the 
present estimation; do to the fact that it is generally important only when 
vortex formation occurs and Reynolds number is higher than 300.  

It is known, that as the liquid viscosity or constancy increases, the 
tendency for vortex formation decreases. 

The aim of the present work is to evaluate the fluid rheological 
parameters on Reynolds criteria, power number Po and specific power 
consumption P, using different types of stirrers for mixing of CMC solutions 
with shear-thinning behaviour. 
 
 
RESULTS AND DISCUSSION 

 
In the present study, the Reynolds number was calculate with the 

corresponding effective viscosity, ηeff, evaluated by means of the power 
viscosity model:  

 
1n

avgeff K −γ⋅=η                                                                                    (3)  
 
The mean shear rate was for the first time estimated by the Metzner 

and Otto [7] and correlated with rotational speed by Equation (4):  
 

Nksavg ⋅=γ                                                                                     (4) 
 

where: ks is the shearing constant, normally dependent on the type of the 
stirrer and vessel configuration, and N is the rotation speed of stirrer (rot/s). 

The Metzner-Otto method is a widely used method to design 
impellers for non-Newtonian fluids applications. 

For the agitation of shear-thinning liquids by turbines, propellers and 
paddles, Skelland [8] suggest that the shearing constant ks lies approximately 
in the range 10 – 13.  

Based on the Godfrey [9] and Wang [10] observations, there are no 
scale-problems, ks is independent on the equipment size, and fluid properties. 

In the present study, three types of stirrers, paddle, propeller and 
turbine, are analysed. For each type, the value of ks is chosen in agreement 
with the literature data, 10.0 for 2-badles paddle, 10.0 for propeller and 11.5 
for turbine [1, 11].  
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Table 1 contains the obtained values of rheological parameters, K 
and n, for CMC solutions with 1, 2, 3, 4 and 5, weight %, based on measured 
data. 

The obtained values of flow index, n smaller than 1, indicate the 
shear-thinning or pseudo-plastic behaviour of all CMC solutions. The values 
are closer to those founded in literature [12]. As it was expected, with the 
increase of CMC concentration the index flow n decreases and the material 
constancy K increases. 

 
Table 1. Rheological parameters of CMC solutions 

CMC (%) K (Pa.sn) n (-) 
1.00 0.110 0.9000 
2.00 0.910 0.7400 
3.00 3.035 0.6300 
4.00 9.250 0.5626 
5.00 28.000 0.5200 

 
The influence of the rheological parameters K and n on the Reynolds 

number, calculated with the Equation (2), is shown in Figure 1.  
For all types of stirrers evaluated in this article, paddle, marine propeller 

and turbine (Figure 1), the decrease of the Reynolds number with the increase 
of material constancy K and the decrease of flow index n, is correlated with 
CMC concentration.  

The agitation of non-Newtonian fluids is recommended to be done at 
low Reynolds, in laminar or creeping-flow region. In the present study, the 
Reynolds number was calculated as for laminar model up to Re < 50, 
obtained for CMC concentration higher than 2%.  

The prediction of power consumption for agitation of our solutions is 
evaluated by the Equation (5):  

 
321n

s1
32

eff1 DN)Nk(KkDNkP ⋅⋅⋅⋅⋅=⋅η⋅= −                             (5) 
 
The values of power number determined directly as a function of 

Reynolds number, Po = k1/Re, and the power consumption P mathematically 
calculated by Equation 5, are compared with those obtained by graphically 
method from literature [1] in Table 2.  
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a. 

 
b. 

Figure 1. The influence of the material constancy K (a) and flow index n  
(b) on Reynolds number 

 
 
The constant k1 dependent only on the impeller type has the values 

presented in Table 2 [8].  
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Table 2. Values of power number and power consumption  

CMC 
 

(%) 

N 
 

(rot/s) 

D 
 

(m) 

k1 
 

(-) 

Re 
 

(-) 

Po 
math 

(-) 

P 
math 
(W) 

Po 
graph 

(-) 

P 
graph 

(W) 
2-blades Paddle 

2 1.00 0.15 35 43.88 0.80 0.06 1.00 0.08 
3 1.00 0.15 35 17.58 1.99 0.15 2.00 0.15 
4 1.00 0.15 35 6.76 5.18 0.40 6.00 0.46 
5 1.00 0.15 35 2.47 14.15 1.10 15.00 1.16 

Marine propeller with 3 blades 
2 0.60 0.15 40 23.06 1.73 0.03 1.70 0.03 
3 0.60 0.15 40 8.73 4.58 0.08 4.00 0.07 
4 0.60 0.15 40 3.24 12.33 0.21 12.00 0.20 
5 0.60 0.15 40 1.16 34.45 0.58 30.00 0.50 

Single turbine with 6 flat blades 
2 1.00 0.15 70 45.51 1.49 0.12 2.00 0.15 
3 1.00 0.15 70 18.51 3.78 0.29 4.00 0.31 
4 1.00 0.15 70 7.19 9.74 0.75 9.50 0.73 
5 1.00 0.15 70 2.47 28.31 2.19 30.00 2.32 

 
 

In order to analyse the dependence of power number Po on Reynolds 
number for shear-thinning CMC solutions it was plotted the graph in Figure 2. 

 

 
Figure 2. Dependence of Power number on Reynolds number 
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The results from Figure 2 show the decrease of the power number 
Po with the increase of Reynolds number, as in the case of Newtonian fluids. 
Thus means an increase of power number and power consumption with the 
increase of material constancy K, and decrease of flow index n, in order to 
keep constant the impeller speed.  

Although the values of power consumption are small, they are 
comparable with other values founded in literature [13, 14]. 

There are no high differences between values obtained by theoretical 
and graphical interpretation of the power number, the standard error ε < 10 %.  

 
 

CONCLUSIONS 
 

Based on the Metzner and Otto method, it was possible to estimate 
the mixing power requirements with reasonable accuracy in laminar regime, 
for CMC solutions, inelastic non-Newtonian fluids. 

The value of Reynolds number has shown a decrease with the 
increase of material constancy K and with the decrease of flow index n for 
CMC solutions. 

Power number and power consumption values were influenced by 
Reynolds number, especial by the apparent or effective viscosity. 

The results have shown good agreement between theoretically 
calculated power number and the graphically determined values. 

The obtained values of power consumption are small, but comparable 
with other values founded in literature. 
 
 
EXPERIMENTAL SECTION 

 
CMC solutions were prepared by dissolving carboxymethyl cellulose 

powder in an appropriated hot water and waiting sometime for it to swell, in 
order to obtain the desired concentration of each solution. 

The rheological measurements were performed with a Rheotest-2 
rotary rheometer with an S/S1 cylinder system, at an increasing and decreasing 
shear rate, ranging between 2.0 - 900 s–1. The measurements were conducted 
at room temperature, 21±1 0C.  

The flow curves were analyzed by power law or Ostwald de Vaele 
model in order to estimate the rheological parameters of CMC solutions, with 
a shear-thinning behaviour. 
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