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Abstract The residence time distribution (RTD) of mineral slurry and slurry holdup volume in an industrial ball mill has

been successfully studies using tracer tests. Six different conditions of solids concentration and three levels of ball loading
were assessed. The effects of the slurry solids concentration and the ball loading on the mean residence time of slurry were
clearly depicted in the results. Using the mass balance of salt tracer inside the mill, the slurry flow rate through the mill was
estimated and the calculated values compared reasonably with the measured ones within the limits of experimental error.
Further, based on the measured flow rates and residence times, it was possible to estimate the slurry holdup volume inside the
mill. The correlation between slurry holdup volume with ball loading, slurry solids concentration and feed flow rate yielded
plausible results. ANOVA statistical tests (F-test and t-test) were utilized to assess the adequacy of the correlation equation
and the significance of the correlation coefficients.
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1. Introduction
Mineral processing industry has in the recent past
witnessed increased installation of large diameter mills in
order to benefit from economies of scale. However, to fully
utilize the available mill capacity and maintain energy
efficiency for these large devices, closer and more effective
control is needed. Satisfaction of this need would result in
stability of the entire mineral processing circuit, thereby
reducing the overall cost in mineral extraction. Songfack and
Rajamani [1] showed that accurate knowledge of internal
flow through the mill is fundamental in trying to improve the
efficiency of wet milling circuits. For a given set of operating
conditions, the flow behaviour of slurry within the mill
determines the slurry residence time inside the mill and
consequently the holdup volume, both of which have a large
influence on the milling efficiency. The holdup volume
influences the effectiveness of material transport to the
breakage zones and the rate of breakage. Therefore, besides
other key mill control parameters, it is imperative that the
optimal slurry residence time and holdup volume that
correspond to maximum milling efficiency be reliably
predicted as a function of key operating conditions such as
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mill load volume and slurry properties. This consideration
constitutes part of the motivation for this study.

2. Review of Residence Time
Distribution in Engineering Systems
For decades, the residence time distribution (RTD)
technique has been employed successfully to characterize the
transport of material in a wide range of engineering
processes. The concept of RTD was first proposed by
MacMullin and Weber in 1935 [2] for analysis of chemical
reactors but later on Danckwerts [3] developed it into a more
definitive form by identifying and characterizing various
distribution profiles of interest. The tracer response is the
method popularly used for RTD studies. Typically,
measuring of RTD involves introduction of a tracer at the
feed and continuously or discretely monitoring the response
at the discharge in terms of conductivity or concentration. If
the tracer is injected as a pulse, then the fraction of tracer that
remains in the system at any time (at constant flow rate
through the reactor) can be described by the distribution
function E(t) mathematically described as follows [4]:

E (t ) =

∞

C (t )

∫ C (t ) dt
0

(1)
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Where C(t) represents the concentration of the tracer in the
discharge stream while the integral of C(t)dt defines the area
under the curve. Interpretation of the RTD curves is based on
moment analysis which provides an indication of various
aspects of flow in a reactor. The zeroth moment is related to
the material holdup in the system which is represented by the
area under the curve. For normalized RTD data, the area
under the curve is equal to unity.

∞

M0
=

=
∫ E (t ) dt

1

(2)

0

The first and second moment of the RTD function around
the origin give the mean residence time (τ) and the variance
(σ2) respectively, where the latter is a measure of spread of
the RTD curves about the mean value.

∞

∫ t E (t ) dt

τ =

(3)

0

2

σ
=

∞

∫ (t

− τ ) 2 E (t ) dt

(4)

0

The shape of RTD curves depends on the combined effect
of the flow behavior and mixing performance inside the
process equipment, which is usually related to the RTD
function parameters i.e. mean residence time and variance.
This information is important for diagnostics as well as
control purposes. Specific multivariate unit processes such
as wet ball milling require accurate knowledge of the
material residence time inside the process vessel in order to
effectively control and optimize the process. Studies by
Kelsall et al [5], Hogg [6], Kinneberg and Herbst [7], Austin
et al [8] and King [9] have shown that residence time

distribution function is a key component of the breakage
behavior model for continuous mills. The residence time
distribution function describes the flow through the mill
while grinding equations describe the breakage behavior as a
function of time.
In this study, salt tracer tests have been performed on an
industrial secondary ball mill at different operating
conditions. The aim was first to establish the effect of
changes in slurry solids concentration and mill ball loading
on residence time distribution and the subsequent impact on
milling efficiency. Secondly, to explore a possible means to
estimate slurry holdup volume inside the mill based on the
tracer response data.

3. Experimental
3.1. Industrial Ball Mill
The ball mill utilized in the sampling survey has an inside
diameter of 7.3 m and length of 9.6 m and is run in open
circuit. Under normal operating conditions, the mill ball
loading is 30% of total mill volume, mill rotational speed is
75% of critical speed, slurry solids concentration is 75%,
solids feed rate is 330 tph.
3.2. Experimental Program & Procedures
The literature [5, 10] presents several types of tracers that
have been used for RTD measurement in tumbling mills
ranging from soluble salts to radioisotopes. After careful
evaluation of possible tracers, the common salt, sodium
chloride was adopted for RTD measurements in the present
study. Six sets of salt tests were performed on the mill to
determine the slurry residence time and the RTD. In each test
run 250kg of salt (NaCl) was dumped into the cyclone
underflow stream almost instantaneously (within 5sec) and
the response was monitored at the discharge.

Figure 1. Mill flowsheet
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Figure 1 is a schematic representation of the flow-sheet of
the milling circuit. Timed samples were collected manually
into 250 ml plastic bottles over the duration of 90 minutes for
conductivity analysis. The sampling process was
accomplished using a specially designed sampling manifold
installed at the mill discharge just before the discharge sump.
The sampling duration of 90 minutes was considered
sufficient for the salt to completely disappear from the mill.
The beginning of sample collection was synchronized with
the salt impulse event. Prior to each test run, the mill was
allowed to stabilize at a set feed flow rate and particle
concentration for about 1.5 hours. A summary of the
experimental program is presented in Table 1.
Table 1. Experimental program for the salt tests
Ball Loading (%)

In-mill wt % solids
65.1

25

67.3

72.1

73.4

75.1

75.6

√

√

30

√

33

√

√

√

Solids feed rate to the mill was measured at the densifier
cyclone underflow as depicted in Figure 1. Samples were
collected from each of the 5 densifier cyclones into sampling
bags for a period of 2-3 seconds and then weighed to
determine the mass flow rate. The sampling process was
repeated for 1 hour with a total of 3 runs per cyclone from
which an average flow rate was determined. In order to
obtain accurate time duration of each sampling sequence, the
sampling process was videoed using a Panasonic NV-GS180
camera at 25 fps.

4. Data Analysis and Discussion
4.1. RTD Data

Table 2 presents experimental results of the effect of mill
ball loading and slurry solids concentration on residence
time and hold-up. The measured residence times were
obtained from the RTD data using equation 3. Since the mill
feed was relatively fine with d50 < 150µm, the settling
velocity of particles in slurry would be very slow hence it
was assumed that the liquid phase of slurry closely
approximated the behavior of the solids phase.
4.2. Tracer Response
The tracer concentration in the discharge stream, corrected
for the base (zero-tracer) concentration of slurry was
determined from the conductivity measurements through a
simple offline calibration procedure. This involved
preparation of several slurry samples to different
concentrations by dissolving a known mount of tracer
(between 0.3 and 1.5g) into each sample. The slurry samples
were collected from the mill discharge stream prior to
injection of the salt impulse. The volume of each slurry
sample was determined through wet mass and dry mass
analysis. The calibration equation was then obtained by
mathematically relating the measured conductivity of the
calibration samples to the tracer concentration. One should
note that for validity of this calibration method, the
calibration samples and tracer samples have to go through
the same time history and that the conductivity measurement
of tracer samples has to be conducted immediately after the
calibration procedure. This would help to eliminate any
possible errors that may arise from other ionic concentrations
generated with time from continuous reactions occurring
within the ore slurry. Figures 2a-c show the tracer
concentration profiles for different mill operating conditions.
A modified version of the RTD model proposed by
Canevarolo et al [11] which defines the typical variation of
tracer concentration with time was fitted to the RTD data
representing the salt concentration versus time, Equation 5.

Table 2. Summary of measured data
Ball
load
(%)

25

30

33

23

n

Slurry
wt %
Solids

τmean
(min)

Mill feed
flow rate
(tph)

Slurry
flow rate
(m3/hr)

Slurry
holdup
(m3)

67.3

25.40

463.1

237.87

100.70

71.4

-

462.0

229.12

-

74.5

-

465.9

218.54

-

75.6

29.45

441.9

206.05

101.14

63.5

-

539.5

297.65

-

65.0

-

494.0

267.36

-

73.4

27.14

463.4

220.89

99.92

75.1

30.77

451.1

211.94

108.34

65.1

22.47

523.3

282.46

105.78

67.7

-

481.3

251.35

-

72.1

27.61

435.2

213.71

98.34

75.6

-

420.1

195.96

-

C (t ) =


 (t − τ d )  
 −(t − τ d )  (5)
A  1 − exp  −
  exp 

α1  

 α2 


The model parameter A is a constant related to the area
under the curve and hence the mass balance while n is the
power exponent. The parameters α1 and α2 are rate constants
for the increasing and decreasing part of the curve. The real
time is obtained by subtracting the delay τd from the
instantaneous time, t. In all the three cases, the model fittings
show good agreement with experimental data. The estimated
model parameters are summarised in Table 3. It can be
quickly noticed that the delay time (τd) is influenced by the
mill ball loading to a larger extent than the slurry solids
concentration. The decreasing trend in the delay (plug flow)
time as ball load is increased conforms to the earlier findings
by Kelsall et al [5]. Also evident is a small delay in the tracer
response after the impulse input showing a decreasing trend
as the ball loading increased. Further, the tracer response
signal displays an extended tail which implies that a fraction
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of material gets delayed inside the mill by recirculation
through the ball load.
Table 3. Summary of model parameters
Ball
Load
%
25
30
33

Slurry
wt %
solids

4.4. Feed Flow Rate

Estimated model parameters
A

α1

α2

n

τd

67.3

7.987

8.838

18.26

1.15

1.02

75.6

7.072

6.618

23.97

1.40

1.26

73.4

10.85

9.869

18.58

1.46

1.12

75.1

8.677

6.195

22.48

2.03

1.18

65.1

9.210

8.578

15.41

1.06

0.97

72.1

9.10

7.404

20.35

1.77

1.06

4.3. Slurry Residence Time

the findings by other researchers [1, 6] that viscosity effects
play a dominant role in defining the mass transport inside the
mill.
At steady state, the volumetric flow rate of slurry through
the mill is considered to be constant. So by assuming
homogeneous mixing of salt and slurry inside the mill, the
mean flow rate of pulp (solids and water) through the mill
can be analytically determined based on the tracer
concentration profile at the mill discharge which is related to
the mass balance of the tracer. The area under the
concentration-time curve represents the amount of tracing
material in the mill discharge stream. This can be expressed
by equation 6 in which Mt is the mass of salt impulse (tracer).

∞
The experimental results of the mean residence time of
slurry inside the mill are summarized in Table 2. One can
(6)
M t = Ql C (t ) dt
observe that at same ball loading, the mean residence time is
0
greater at higher percentage of solids in slurry. This is
The mass flow rate of solids (𝑚𝑚̇𝑠𝑠 ), ore water (𝑚𝑚̇𝑙𝑙 ) and
because higher particulates concentration increases the
viscosity of slurry thereby lowering its mobility. On the other slurry ( 𝑚𝑚̇𝑠𝑠𝑠𝑠 ) can be calculated using the following
hand, an increase in the ball loading from 25 to 30% and expressions:
𝑥𝑥 𝑠𝑠
from 30 to 33% resulted in only small changes in mean
� 𝑚𝑚̇𝑙𝑙 ; 𝑚𝑚̇𝑠𝑠𝑠𝑠 = 𝑚𝑚̇𝑙𝑙 + 𝑚𝑚̇𝑠𝑠 (1)
𝑚𝑚̇𝑙𝑙 = 𝜌𝜌𝑙𝑙 𝑄𝑄̇𝑙𝑙 ; 𝑚𝑚̇𝑠𝑠 = �
100 − 𝑥𝑥 𝑠𝑠
residence time.
in which the termρl refers to the density of water and xs is
The possible explanation for the observed marginal
changes is that, an increase in the ball load tends to increase the weight percentage of solids in slurry. For a given level of
the slurry turnover time. It also reduces the slurry pool slurry density, ρp, the slurry hold-up mass (Msl) and hold-up
volume subsequently lowering the mill discharge capacity. volume (Vsl) can be obtained as:
But the combined effect of these two factors on slurry
M sl
m sl τ mean ; Vsl
M sl / ρ p (7)
=
=
residence time is far less appreciable as compared to the
effect of percentage of solids in slurry. This result reinforces

∫
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Figure 2. Distribution of tracer concentration in the mill discharge

Figure 3 shows a comparison of the measured and
calculated values of the slurry flow rate through the mill. A
marginal variation between the measured and theoretical
values of flow rates is evident. This could possibly be due to
a mass balance error, attributed to unaccountable tracer
losses inside the mill.

4. Mathematical Correlations
Premised on the observed trends in the data, an attempt

was made to correlate the slurry holdup volume obtained
from equation 7 with the governing variables: ball loading
(J), slurry solids concentration (xs) and feed flow rate (F). A
multiple linear regression model was applied in the form:

Yˆ =
β0 +

k

∑ β j X j + ∑∑ βij X i X j + ε

=j 1

i< j

(8)

In which 𝑌𝑌� is the predicted response, Xi, Xj are
independent variables, β0 is the intercept, βj is the linear term
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coefficient, βij is the interaction term coefficient and ε
represents other sources of variability un-accounted for by
the model.
The data was subjected to statistical analysis (ANOVA)
using KYPLOT software. The regression coefficients were
obtained based on the method of least squares as [β]=
(XTX)-1XTY in which [β] is the matrix of coefficients, X is the
matrix of predictors while Y is the matrix of responses. The
coefficients values were as follows:

β0 ==
146.12, β1 0.081, β 2 =
− 0.892, β3 =
− 0.055,
β12 =
6.82 ×10−6 , β13 =
2.44 ×10−6 , β 23 =
1.07 ×10−3
Coefficients values lower than 0.005 were considered to
have insignificant effect on the prediction capability of the
regression equation hence only the coefficient terms, β0, β1,
β2, β3were treated as significant. The resulting constrained
equation that best described the data was obtained as:

Vsl = 0.152 x1 − 1.132 x2 − 0.0772 x3 + 146.13 (9)

Flowrate(m3/hr)

Flowrate(m3/hr)

Flowrate(m3/hr)

Where x1, x2, and x3 are slurry solids concentration
(% solids), ball loading and feed flow rate respectively.
The regression equation was checked to determine if it

300

provides an adequate description of the data. This was
accomplished using the F-test and the results are presented in
Table 4. The observed F-value of the regression was higher
than the critical F-value, implying that the regression is
significant at the 5% significance level.
Table 4. ANOVA for significance of the regression
Source

Sum of
Squares

Do F

Mean
Squares

F-test
(Obsv)

F-test
(Crit)

Regression

161.19

3

53.72

29.89

19.16

Residual

3.594

2

1.797

Total

164.78

5

32.96

Figure 4 shows the goodness of fit of equation 9 to the data
with a linear correlation coefficient of R2 = 96%. The
observed deviations are suspected to have emanated from the
mass balance error in Equation 6.
Further, the Student’s t-test was then employed to assess
the significance of the individual regression coefficients in
equation 9. The t-statistic was compared with the critical
value at 10% significance level. All the variables passed the
significance test as depicted by the data in Table 5.
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Figure 3. Comparison of measured and calculated values of flow rate at different levels of slurry solids concentration and ball loading
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