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Abstract: In operating flotation plants, the viscosity of the pulp can vary significantly. Consequently, the resulting impact on bubble 
size is of interest as many plants experience seasonal changes in water temperature, or particle size changes as ore hardness, 
mineralogy and throughput fluctuate. However, given its importance in flotation, there existed no mathematical relationship linking 
bubble size created in flotation machines to the key process variable of fluid viscosity. In this study, a program of investigation to 
develop such a model was utilizing a pilot-scale mechanical flotation machine, to investigate the effect of water viscosity due to 
temperature on bubble size distribution. The bubble sizes were determined using a specific bubble viewer and imaging technology. 
The temperature itself was varied as a method for introducing significant viscosity change. The viscosity−temperature effect 
introduced a correspondingly significant change in the water viscosity (1619 to 641 µPa·s). It is suggested that a considerably 
stronger relationship may exist, yielding D32 versus (µ/µ20)0.776, and hence viscosity becomes an important design consideration for 
plants operating where pulp temperature fluctuations, very small particles or high solid fractions are present. 
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1 Introduction 
 

Froth flotation widely utilises differences in 
physicochemical surface properties of various minerals 
to achieve specific separation [1]. The efficiency of this 
separation process is dependent on the size of the 
bubbles [1−5]. Therefore, the ability to control the 
generation of bubbles in order to produce an optimum 
size range in flotation cells is attractive. Towards this 
purpose, bubble size measurements and modelling in 
flotation cells are clearly required. There has been some 
work on bubble size measurements and modelling in 
flotation [6,7]; however, neither of them have been 
adequate in accounting for the effect of the key variables 
such as fluid viscosity affecting the flotation process. 

Plants also operate in conditions where the pulp 
temperatures can vary from near 0 °C to near 70 °C, and 
particle size and solid content are in a wide range, which 
will impact pulp viscosity. As a result, the effective 
viscosity of the liquid/solid phase can vary greatly. 

Testing for the effect of viscosity change is not 
straightforward, and early experiments are focused on 
finding a suitable additive to alter the water viscosity 
without impacting the other properties [8]. Two materials 
were tried: sucrose (sugar) solution and polyacrylamide 
(PAM), a well-know thickening and flocculating agent 
[9−11]. The sucrose was proved to have some frothing 
properties and so was rejected on the basis that it could 
impact bubble size apart from viscosity effects. The PAM 
seemed to promise initially having a wide range in 
viscosity possible ((1−5)×103 μPa·s), until at higher 
concentrations (0.15% in mass fraction and above) its 
impact on the D32 was proved to be inversely dependent 
on time and concentration [5]. It is speculated that the 
long, cross-linked acrylamide chains were broken apart 
by the high shear in the impeller region of the Denver 
cell where the initial testing occurred. An attempt was 
therefore made to include the effect of viscosity on 
bubble size, by varying water temperature between 3 °C 
and 40 °C. The plan of work did not involve solids so the 
reference here to the effect of viscosity must be strictly  
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that resulting from changes in water temperature. The 
ranges selected for all the variables can be considered 
representative of industrial practice, with some extension 
above and below typical operating range for frother 
concentration, and below normal for gas rate (Jg), in 
order to more fully define relationships. The initial work 
reported here was performed using the two phase 
water−gas (air) system in the laboratory environment. 
Once developed, the approach calls for an additional 
stage of experimentation by introducing solids as well. 
 
2 Apparatus and method 
 
2.1 Viscosity measurement 

The viscosity measurement involved measuring 
liquid viscosity at different temperatures, as described in 
Fig. 1, in order to provide practical viscosity ranges 
(viscosity – temperature curve) for testing in the flotation 
machines. The setup consisted of a Canon-Fenske 
Routine (CFR) viscometer (size 100), a 6 L beaker, a 
thermometer, a magnetic stirrer, and a heating element 
connected to a thermocouple with a temperature sensor. 
 

  
Fig. 1 Setup of viscosity measurement apparatus 

 
The heating element was connected to the 

thermocouple which was set at the desired temperature. 
Based on the signal from the temperature sensor, the 
thermocouple regulates the heating of the element. If the 
set temperature is reached, the thermocouple will turn the 
heater off. The magnetic stirrer served to distribute the 
heat from the element evenly throughout the bath. 
 
2.2 Bubble size determination 

An AutoCAD sketch of the set-up to measure 
bubble size is shown in Fig. 2. The nominal volume of 
the Metso RCSTM 0.8 m3 mechanical flotation cell is  
800 L, with a standard test volume of 700 L employed. 
The impeller diameter is 21 cm and that of the outside 
diffuser is 33 cm. A feature of the design is the baffle 
ring at 40 cm from the bottom of the tank (32 cm below 
water surface) which divides the turbulent zone around 
the impeller from the quiescent zone above where bubble 

size is determined. The cell was forced-air and air supply 
was from a compressed air system and manipulated via a 
400 LPM KMSTM mass flow meter. The sampling tube of 
the MBSA was positioned 33 cm from the central shaft 
(19 cm from the wall) and 52 cm from the bottom of the 
tank (20 cm below the water surface). This location 
inside the quiescent zone had been established previously 
as both being representative of the average air rate in the 
cell and giving reproducible data [5,12,13]. All 
experiments were run under the following conditions: air 
superficial velocity (Jg, i.e., volumetric air rate divided 
by cell cross-sectional area) 1 cm/s and impeller speed 
1500 r/min (equivalent to 5.73 m/s tip speed). The cell 
was filled with Montreal tap water and frother DF250 
was added at 5×10−6 (CCCx of 59%). The CCCx was set 
at a level where changes to D32 would be evident [14]. 
 

 
Fig. 2 Side view of Metso RCSTM 0.8 m3 mechanical cell and 
MBSA (CAD drawing) 

 
In order to vary water temperature in the Metso cell 

as a mean of altering viscosity, the testing period was in 
winter and a test range of 3 °C to 40 °C was possible by 
varying proportions of cold and warmer water and by 
running the cell at the highest possible speed to generate 
additional heating. A total of five test series (i.e. 32 tests) 
were run to cover the full temperature range. Bubble 
sizes were determined using a specific bubble viewing 
chamber and sampling-for-imaging technique [15,16]. 
Further details were given in Refs. [13,17]. 
 
3 Results and discussion 
 

Varying only viscosity without significantly 
affecting the many other factors that could influence 
bubble size is not straightforward. The point could be 
argued that other properties of water that are 
temperature-dependent could impacting the bubble size 
distribution, such as surface tension, density or contained 
enthalpy. The trends in Fig. 3 suggest that water 
temperature was selected as the first situational variable 
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to test as a large change in viscosity occurs relative to the 
small changes in water surface tension and water density 
across the range of interest (3 °C to 40 °C). Inverse 
enthalpy appears overly sensitive to temperature and 
could be a variable affecting viscosity through molecular 
excitation. The relative change in viscosity does seem to 
tend well with relative D32. It is proposed that one can 
reasonably conclude that viscosity is the water property 
most closely corrected with D32 with changing 
temperature. 
 

 
Fig. 3 Relative values for water of density, surface tension, 
viscosity and inverse enthalpy to their values at 20 °C as a 
function of temperature [5] (relative D32 test data also were 
plotted) 
 

The experiments were carried out in the Metso   
0.8 m3 RCS pilot cell. Tests were run in 3 temperature 
ranges on separate days. Ice water was used from 3 °C to 
9.5 °C (water warming over time); available tap water 
temperature ranged from 7 °C to 30 °C (temperature rise 
due to the liquid agitation by the impeller); hot water 
temperature ranged from 41 °C to 31.5 °C (water cooling 
over time). The results for D32 and D10 are shown in  
Figs. 4(a) and (b), respectively. Figure 4 shows that the 
D32 and D10 values increase markedly below about 10 °C, 
followed by a slower decline at higher temperatures. 

The question then naturally arises as to how these 
relationships are compared to the change in water 
viscosity with temperature. Figure 5 shows the 
relationship between water temperature and viscosity 
(where µ is the viscosity at the temperature of interest 
and µ20 is the viscosity at 20 °C). These measurements 
were made using the setup including Canon−Fenske 
Routine (CFR) viscometer, as described in Fig. 1. The 
similarity of this calibration curve with the bubble 
size−temperature curves of Figs. 4(a) and (b) is 
immediately obvious. 

According to the relationship in Fig. 5, µ can be 
determined for temperature (t, °C) from (fitted from 
standard reference data) 
 

3 20.0073 0.9779 55.458 1774.8t t tμ = − + − +       (1) 

 

 
Fig. 4 Effect of water temperature on D32 (a) and D10 (b) at   
Jg =1.0 cm/s and 5×10−6 DF250 
 

 
Fig. 5 Water viscosity versus temperature 
 

Combining the data of Figs. 4(a) and 5, one obtains 
the comparison shown in Fig. 6. Noting the similarity of 
the curves, as noted earlier (Fig. 3), the variation in 
surface tension and density are very minor in comparison, 
so the inescapable conclusion must be that it is viscosity 
that affects the change in bubble size as no other property 
of the water is changed. 

This observation, as seen in Fig. 6, has results in the 
following equation to characterize the D32−viscosity 
relationship: 

0.776

32
20

1.662D μ
μ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
                        (2) 
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Fig. 6 Effect of water temperature on viscosity and D32 for 
Metso cell 
 
where D32 is the Sauter mean diameter, µ is the viscosity 
at the temperature of interest, and µ20 is the viscosity at 
20 °C. 

Table 1 indicates the measures of precision and 
goodness-of-fit for Eq. (2). An 2

AdjustedR  of 0.880 is 
acceptable for model-fitting; however, the 95% confident 
interval of ±0.27 mm is higher than the precision for the 
other variables tested [18]. The data and equation    
(Eq. (2)) along with upper and lower 95% confidence 
limits are shown in Fig. 7. Overall, Eq. (2) for D32 
mirrors the viscosity change with temperature reasonably 
well. However, the data do flatten in the range of 10−20 
°C, contributing to the poorer overall precision of the 
data fit. Note that two data points well outside the 95% 
confidence limits were excluded from the data analysis. 
The effect of higher temperature (i.e. >50 °C) on frother 
activity is not known and it could well be that some 
effectiveness is lost due to volatilization as temperatures 
climb into 30 °C and above. The 1.662 mm value in   
Eq. (2) represents the data-fit value for D32 at 20 °C. The 
viscosity-ratio term and exponent can be used in building 
the overall D32 model to account for viscosity effects on 
D32 in other than 20 °C conditions. 

As noted, no specific references quantifying 
viscosity effects on the flotation performance of 
forced-air mechanical flotation cells could be located. 
However, the model can be used to investigate the 
impact on flotation performance of typical changes by 
assuming that a change in bubble size will produce a 
proportional (inverse) effect on Sb and hence mineral 
flotation rate constant k. The viscosity effect of interest is 
that for water viscosity at 5 °C representative of a typical 
summer−winter fluctuation (a 15 °C change) in plant 
process, water temperature is in a Canadian or 
non-tropical location. The bubble size model predicts, 
using Eq. (2), that water viscosity increases at 5 °C, and 
the D32 increases to 1.38 mm, resulting in a rate constant 
decrease to 0.109 min−1, and a corresponding recovery 
loss of 2.4%. Therefore, the D32 model has been used to  

 

 
Fig. 7 Corresponding best-fit equation for D32−viscosity model 
 
Table 1 Measure of precision and goodness-of-fit for 
D32−viscosity model presented in Fig. 7 and Eq. (2) 

Parameter Value 
Residual sum of square 0.5428 

Data points 32 
Standard deviation/mm 0.1323 

t-statistic 2.039 
95% confidence interval/mm ±0.270 

R2 0.888 
2
AdjustedR  0.880 

 
demonstrate that the impact of pulp (i.e. water) viscosity 
changes (for example, to summer−winter temperature 
fluctuations) can be substantial, and needs to be 
accounted for during plant operation and at the circuit 
design stage. 
 
4 Conclusions 
 

1) A detailed methodology was successfully 
developed for the measurement of viscosity and the 
establishment of viscosity−temperature curve for liquid. 

2) The effect of viscosity was established by 
temperature variation of the water in the test flotation 
cell, covering the range of 3−40 °C, and showed that 
liquid viscosity has a significant impact on bubble size. 
The D32 increases proportionally as (µ/µ20)0.776 developed 
here has been shown to be robust across a wide range of 
operating conditions, indicating that viscosity becomes 
an important design consideration for plants operating 
where pulp temperature fluctuations, very small particles 
or high solid fractions are present. 

3) This work concerned itself with identifying the 
viscosity effect in the two-phase system, recognizing that 
increasing solid content and decreasing particle size will 
also impact fluid viscosity in a three-phase system. Some 
additional validation and calibration work for confirming 
that the two-phase model is an appropriate model for 
three-phase systems will be on the agenda. 
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使用半工业化机械浮选机评估矿浆黏度变化对 

浮选气泡大小的影响 
 

张 炜 1,2 
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摘  要：浮选过程中矿浆的黏稠度是由矿浆温度、矿粒浓度、矿粒细度等决定，它对浮选效率的影响一直受到工

业界的极大重视。在实际生产中，一些自然因素和操作参数的变化，如季节性温度的浮动，矿石硬度、矿石性质

的变化等产生的矿浆黏稠度的浮动，导致气泡尺寸和分布规律产生浮动，进而使选矿回收率等经济指标下滑。即

便如此，在科研中矿浆黏稠度的相关研究并未受到重视。本研究的重点是黏稠度和气泡尺寸在浮选过程中的关系。

试验采用半工业化美卓 700 L 机械浮选机和 McGill 大学独有的气泡观测仓，通过调整液体温度来改变黏稠度，在

充分屏蔽其他浮选操作条件的情况下形成了气泡−黏稠度的关系图。结果显示了气泡尺寸 D32和黏稠度(μ/μ20)之间

呈现 0.776 的指数关系，有较强的关联性。本研究结果对实际生产中通过控制黏稠度来优化气泡尺寸，乃至浮选

经济指标具有借鉴意义。 
关键词：浮选；气泡尺寸；黏度；表面张力；起泡剂 
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