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Abstract
The aim of this work was to study the effect of the temperature and Reynolds number in halite salt particle
dissolution in a stirred tank. The sample of salt was considered to be a population of particles of different sizes and
of random geometry. We tried many of the correlations found in literature attempting to model the dissolution
kinetics, but none corresponded to the experimental data obtained. We take from this evidence, that new
correlations are necessary. To validate the model, a direct comparison between the experimental and calculated
data was done, demonstrating that both results, with deviances of up to 15%, agree.

1. Introduction

2. Modeling Review

The petroleum industry is facing technical
difficulties in transposing the mineral salt layer
located right above reservoirs. Some of these layers
extend to a depth of 2000 meters. The main difficulty
occurs when the salt particulate, a product of the drill
destroying geological formations, invades the annular
region between the wall of the well and the external
diameter of the drill column. This particulate naturally
dissolves in the drilling fluid, causing such operational
problems as increasing the fluid’s density and
changing its viscosity. Besides, it is intended to drill
dissolving the wall, as it has a natural tendency to jam
the drill column due its plastic characteristics at a
particular pressure and temperature.
Studies found in the literature are directed at
studying the dynamic dissolution of mineral salts. The
models are usually based on the macroscopic flux of
mass, where it’s always necessary to know the mass
transfer coefficient. This coefficient is key because it
represents the kinetic of the dissolution, also referred
to as the mass liberation rate ([1] Aksel`rud, et al.
1992).
To validate the mathematical correlations, one
should refer to experimental data, which must agree
with the theoretical values. The literature offers
possible methods; one widely employed is the rotating
disk method ([2] Alkattan et. al. 1997). Although this
method is used so as to simulate natural and industrial
processes, it often bears no similarity to them. Hence,
we propose an experimental system that bears a
greater similarity to the real process occurring in the
field. During mathematical modeling, we observed
that new correlations were needed to better represent
our newly adopted system.

2.1. Models for salt dissolution in stirred tanks
[1] Aksel`rud et al. (1992) proposed a closed
flow system, the concentration being a function of
time,
(

)

( )

where
is the mass that leaves the crystal (solid
phase), is the time, is the mass transfer coefficient,
the total area for mass transfer,
the
concentration of the saturation point and
the
instantaneous concentration of the solution according
to time.
[3] Morse and Arvidson (2002) studied the
dissolution of carbonate minerals on the surface of
Earth. Their model consisted of Equation 2,
(

)

( )

where
is the moles of calcite, is the time,
is the total surface area of the solid, is the volume of
solution,
is the transfer mass coefficient,
is a
positive constant expressing the order of the reaction,
and is the saturation state.
[4] Finneran and Morse (2009) presented a
study on the calcite dissolution kinetics in saline
waters based on the proposed model,
(

)

( )

where
is the dissolution rate normalized to the
reaction surface area,
is the mass transfer
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coefficient,
is the saturation state, and is the
reaction order.
[2] Alkattan et al. (1997) studied the halite
dissolution kinetics considering the model of the mass
coefficient according to each ion,
(

)

( )

where
is the mass transfer coefficient determined
by the relation between the diffusion coefficient and
the boundary layer coefficient,
( )
In the literature, other models have been
applied to study dissolution kinetics. [5] Liu and
Dreybrodt (1997) studied the dissolution kinetics of
calcium carbonate in aqueous solutions in turbulent
flow, confirming that a diffusion boundary layer
controls the dissolution.
[6] Liu et al. (2001) modeled the dissolution
of rock salt in water. The authors found that such
rocks are fractal-like and their kinetics do not adhere
to classical kinetics equations, making necessary the
formulation of empirical kinetics models, based on
Arrhenius equation.
2.2 Literature models for estimating the convective
mass transfer coefficient
One approach to determining this coefficient
is to use semi-empirical correlations found in the
literature. For the mass dimensionless numbers
Sherwood, Schmidt and Archimedes, [7] Bird et al.
(2001) demonstrates the following relations,
( )
where
is the Sherwood number, is the convective
mass transfer coefficient, is a characteristic length,
and
is the diffusive mass transfer coefficient.
( )
where
is the Schmidt number, is the dynamic
viscosity of the solvent, and
is the specific mass of
the solvent.
(

)

where
is the Archimedes number,
and is the specific mass of the salt.

( )
is the gravity

[1] Aksel`rud et al. 1992, observed the
following relation between the dimensionless
numbers,
√

( )

√

This correlation is valid only for a single type
of salt, with cylindrical geometry. No information is
found in his model about the influence of the degree
of turbulence of the system.
The literature provides even more models to
estimate the convective mass transfer coefficient. We
find in [7] Bird et al. (2001), one model that considers
the influence of the degree of turbulence through
Reynolds number for a single perfect sphere particle
in suspension,
√
where

√

(

)

(

)

is the Reynolds number, defined as,

where is a characteristic diameter, is the average
velocity of the flow,
is the specific mass and is
the dynamic viscosity.
2.3 Stirred tanks design.
Considering mixtures in stirred tanks, many
correlations are found to estimate the variables that
exist in the design of stirred tanks. [8] Nagata (1975)
discussed the dimensionless numbers which are used
to calculate those variables. The Reynolds number,
which expresses the flow regime inside a stirred tank,
is in fact a modification of Equation 11, being such,
(

)

where
is the number of spins of the impeller per
unit of time (usually in RPM, RPH, or Hz) and is
the diameter of the impeller.
Another dimensionless number important in
designing stirred tanks with solids in suspension is the
flux number, defined as [8] Nagata (1975),
(

)

where is the flow rate caused by the impeller. This
number expresses the relation between pump forces
and inertial forces.
To maintain solids in suspension it is
necessary to overcome the terminal velocity of the
fastest particle. The terminal velocity is the constant
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velocity at which the particle decants. One method of
estimating this flow rate is to conceptualize the
impeller as a centrifugal pump. With due
modification, this flow rate will be given by [9]
SEMCO (2000),
[(
(

√

(

( )

)

]

(

)

)
)

where
is the diameter of the tank, is a factor of
homogeneity, is the terminal velocity of the particle
in suspension, is the solid fraction of solids, and
is the height of fluid inside the tank. To estimate the
value of , Table 1 is found in [9] SEMCO (2000).
Table 1. Values and rules for the factor of homogeneity.

Factor
1
2
3
4
5
6

Description for usage
Solids into motion but not suspended
(deposited at the bottom)
Solids into motion suspended only in the
bottom region of the tank
All solids suspended but no homogeneity
All solids suspended with poor
homogeneity
All solids suspended with average
homogeneity
All solids suspended with good
homogeneity

(

)

]

(

Type of Impeller
PBT
VFBT
Hydrofoil HE
Hydrofoil LS
Hydrofoil HS
Marine Impeller ( Propeller, Helix)

0.70 – 0.90
0.50 – 0.70
0.45 – 0.65
0.50 – 0.72
0.90 – 1.60
0.72

All presented correlations are valid only if the
designed stirred tank/impeller has the geometrical
dimensions inside the permitted range. Otherwise, one
must look for correlations having explicit
mathematical references to the geometries of the tank
and impeller and the position of the impeller. Table 3
shows the conventional stirred tank design range for
the geometry of the tank and impeller ([8] Nagata
1975).
Table 3. Conventional range design for stirred tanks with
chicanes and propeller.

Dimension

Range accepted for Design ([8]
Nagata, 1975)
1/4 to 1/3
1
1/6 to 1/2
1/12 to 1/10

– Diameter of the impeller, – Diameter of the tank, – Liquid
height inside the tank, – Distance between the bottom of the tank
and the impeller,
– width of the chicane.

To generate a suspension condition, the
calculated flow rate must be the impellers flow rate
(Q=Qr), substituting equation 14 in 13,
[(

Table 2. Values for flux number according to the type of
impeller.

)

)

The dimensionless
is found in Table 2,
according to [9] SEMCO (2000); this number depends
on the geometry of each type of impeller.

3. Mathematical model proposed by this work
3.1 Proposed model for the overall mass balance
between phases
The mathematical model of dissolution for
the stirred tank is based on the accumulation of salt in
the liquid phase. Being so, based on Equation 1 we
propose the change,
(

)

(

)

where C is the instantaneous concentration of salt into
solution, t is the time, k is the convective mass transfer
coefficient, A is the superficial area of the sample, C*
is the concentration of saturation, and V is the volume
of the solution.
To define the surface area, we initially
considered the particle a perfect sphere. Beginning
with elementary geometry,
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(

̅̅̅̅

)

(

)

(

̅̅̅̅
where
is the surface area of the particle and
is
the Sauter mean diameter.
The Sauter mean diameter is defined as ([10]
Brennen 2005),
̅̅̅̅

(

∑

∫

)

where
is the mass withheld in the mesh and
the diameter of the mesh.

is

For the volume of a perfect sphere we have,
̅̅̅̅
( )
where

(

)

(

)

is the volume of the particle.
For the specific mass we have,

where is the specific mass of the salt and
mass of the particle.

is the

3.2 Proposed correlation for the dissolution kinetics
As soon as the mass balance equation is
defined, we must decide which correlation to use to
define the kinetic of dissolution, represented by
variable k. Using the literature correlations presented
in Section 2.2, we found none to satisfactorily
represent the experimental data obtained. We
understood the system in which (we) were studying
the dissolution to be quite different from the classical
ones observed in the literature as well as the ones in
which such kinetics correlations were obtained in the
past. The classical dissolution method found in the
literature, often named the rotating disk method, puts
one sample of perfectly defined geometry to spin in a
stagnant solvent. Our system consists of a population
of particles of random geometry suspended in a fluid
in motion caused by an impeller. As the literature
shows that the dimensionless number coefficients of
mass transport are estimated based on experimental
evidence, we decided to propose a more suitable
correlation which may describe more efficiently the
kinetics occurring in such a system.
Using the dimensionless mass transfer
number, we propose:
(

Combining equations 17, 19, and 20 we may
obtain an equation for the surface area of a particle
which is a function of mass,

) (

)

(

)

(

(

)

(

))

)

For the surface area of a population, we
propose a generalization of Equation 21. Where
instead of using the mass of the particle, the total mass
of the population is divided by the number of
particles. The result must be the average mass of a
particle which belongs to that population. Multiplying
that by the number of particles, the result must be the
total surface area considering the average particle.
Introducing a dimensionless factor which corrects the
area (perfect sphere) for any geometry shape,
(

)

where,
(

(

)

)

where
is the number of particles,
is the
dimensionless factor, and is the mass of population.
For the number of particles, it is the total
volume of the population divided by the average
volume of one particle, after algebraic manipulation,

After algebraic manipulation,
(

)(

) (

)

(

)

where
,
and
are experimental parameters,
is a modified Reynolds number,
is the
characteristic diffusive coefficient and
is the
Schmidt number.
The diffusive coefficient for sodium chloride
as solute and water as solvent was obtained from [11]
Perry and Chilton (1980). The average coefficient at
298K is 1.44.10-9 (m2/s). Also in [11], there is a
correlation to estimate the effect of temperature over
the diffusive coefficient,
(

)

ENAHPE 2011 – IV Encontro Nacional de Hidráulica de Poços de Petróleo e Gás
Foz do Iguaçu - PR, 8 a 11 de agosto de 2011

(

Table 4. Composition of the studied salt

Substance
(
Mass fractiopn of salt (%)

where is a constant, estimated at a temperature of
reference, this work used 298K, with a value of
4.59.10-15.
is the average diffusive coefficient,
the dynamic viscosity of the solvent and
the
temperature of the solvent.
The characteristic length of the system, , is
the external diameter of the salt particle which forms
the boundary layer; therefore its value comes from the
granulometric analyses of the salt sample.
The modified Reynolds number is necessary
due to the nature of the turbulence created in the
system. Originally the degree of turbulence would be
expressed by RPM. But what happens if the system
changes? The degree of turbulence must, in a variable,
be generalized to fit to any system. Therefore,

0,4
0,3
0,2
0,1
0
3,36

)

where

is the critical Reynolds number.
The critical Reynolds number is the
minimum degree of turbulence necessary to maintain
all particles in suspension. This configuration must be
respected otherwise particles will be deposited in the
bottom of the stirred tank, leading to a miscalculation
of the total area available for mass exchange. For this
work, both
and
were calculated using
Equation 12. In addition, Factor 3, found in Table 1
was used to determine
.
It’s important to understand that both
Reynolds-number forms of calculation will depend on
the type of the system, mostly on the geometry of the
flow.

4. Material and Methods
4.1 Characterization of the salt and solvent (mineral
water)
For the experimental analysis, we obtained
commercial sodium chloride to study the dissolution.
The kinetics obtained here was in fact for the mixture
of salts presented in each sample. Despite that, we
considered the experimental result representative for
the kinetics of sodium chloride only due to its high
concentration, as seen in Table 4. The geometry of the
particles is random and the samples were not
submitted to any kind of milling. Therefore, each
sample was submitted to grading analysis for
characterization. Table 4 shows the typical chemical
composition, provided by the manufacturer. Figure 1
shows a typical size distribution of the population of
particles.

)

Composition
> 99%
< 1%
< 1%

2,38
1,68
1,19
Diameter of particle (mm)

0,84

Figure 1. Typical size distribution of sample particles.
The solvent used was mineral water. Since it
does not represent the water used by the industries,
distilled water was not used. The chemical
composition is presented in Table 5.
Table 5. Composition of the water used as solvent

Substance

(
(

)
)

Composition (mg/l)/(ppm)
0.02
3.40
0.99
1.46
0.24
0.33
1.09
15.25
0.11

4.2 Construction of stirred tanks
To estimate the convective mass transfer
coefficient, we built a stirred tank where the
dissolution of the mineral salt occurred. The apparatus
included a marine impeller (helix), a heater,
thermometer, and metal parts for support.
The salt was organized into samples. Each
sample was submitted to grading analyses, where the
total mass was also obtained.
The experimental procedure was to transfer the
sample to the tank, where the water was at the desired
temperature and under constant agitation. At random
times, samples of the solution inside the tank were
taken and the final concentration of the solution
measured through drying techniques. Figure 2
illustrates the experimental unit.
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of the equation. To integrate, we used a series
solution. The software program Maple 14 was used as
computational tool.

4

5. Results and Discussion
5.1 Experimental data
Figure 3 presents the results obtained for the
convective mass transfer coefficient, using Equation 1.
To guarantee an accurate result, each experiment was
repeated three times, minimizing the experimental
errors. We evaluated the replicates using the ANOVA
test considering the confidence level of 95%.

1
3
2

Figure 2. Stirred tank used to evaluate the dissolution of a
population of salt particles.
1 – Stirred tank, 2 – Heat exchanger, 3 – Thermometer and 4 –
Mechanical mixer with built in tachometer.

The dimensions of the tank are as follows in
Table 3.
Table 6. Dimensions of the constructed tank

Geometrical
Relations

Dimensions
of this work
1/3
1
1/3
1/10

Dimensions range
according to ([8]
Nagata 1975)
1/4 to 1/3
1
1/6 to 1/2
1/12 to 1/10

Figure 3. Observed k, varying RPM and T.

It can be observed in Figure 3 that the
convective mass transfer coefficient increased as the
temperature and rotation speed increased. For the
temperature, the superior limit that we investigated
was 333K (600 C); for rotation speed this limit had to
be found. We believe that there is a critical point
where the turbulence fails to influence the mass
transfer coefficient. Observe Figure 4 for the results.

4.3 Experiment design and mathematical solution
A set of experiments were done based on
factor analysis. The independent variables were the
Reynolds number and temperature, the dependable
one being the final concentration of the solution. The
initial concentration always started from zero and the
volume of solvent, 4.5 liters, was the same for every
experiment.
To estimate the experimental parameters in
Equation 24, a nonlinear regression was used. The
experimental values of the kinetic parameter k were
obtained, using Equation 16, from measured values of
halite concentration at the determined times.
Therefore, to improve the model’s capability of
prediction, the nonlinear regression had to be done
inside this ordinary differential equation. To do so, we
coupled the least square technique with the integration

Figure 4. Observed k, varying RPM.

Figure 4 presents this critical point at
approximately 900 RPM. Therefore this work is valid
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between 200 RPM and 900 RPM. One must also note
that this work concentrates efforts on determining a
correlation which is capable of predicting the mass
transfer coefficient when not only is the temperature
changing, but also the region of full turbulence is not
yet established.
As explained in Section 3, RPM is substituted
by Re*. Such assumption must be checked. Figure 5
proves this to be true.

+15%
%

-15%

Figura 6. Experimental C versus Calculated C, in (kg/m3).

Observing Figure 6, we affirm that the
proposed correlation (Equation 24) along with the
mass balance, (Equation 16) produces results with
deviations of up to 15%from experimental data.

6. Conclusions
Figura 5. Observed k, varying Re* and T

One can observe in Figure 5 that nothing has
changed since the substitution of RPM per Re*.
Therefore the assumption is correct and can be used to
estimate the degree of turbulence. This dimensionless
number varies from 0 to 1.
5.2 Results for the proposed correlation
Having obtained the experimental data, we
applied the mathematical approach explained in
Section 4.3. Table 7 offers the results.

This work proposes a model to study the
dissolution of sodium chloride in a non-conventional
system with mineral water at transition turbulence and
temperature. This work also evaluates the effects on
dissolution using a population of particles to dissolve,
instead of the traditional rotating disk method, being a
more realistic simulation of industrial processes. We
obtained a correlation capable of reproducing the
experimental data with ±15% accuracy.

7. Nomenclature
Symbol

Description

Table 7. Results obtained for the experimental parameters.

Parameter

Value

A

Total surface area of a sample

P1
P2
P3

12.79
0.18
1.03

Ap

Surface area of a particle

Ar

Archimedes number

Bw

Width of the chicane

C

Instantaneous concentration

Ct

Distance between the bottom of

5.3 Validation of the correlation proposed.
With the parameters estimated, one may solve,
using any numeric method, the system model given by
Equations 28; this work used a fourth order RungeKutta. The results of the comparison between
experimental and calculated data may be seen in
Figure 6.

the tank and impeller
*

C

Concentration of saturation

D

Diameter of the impeller

d

Characteristic diameter

Dδ

Diffusive mass transfer coefficient

ENAHPE 2011 – IV Encontro Nacional de Hidráulica de Poços de Petróleo e Gás
Foz do Iguaçu - PR, 8 a 11 de agosto de 2011
̅̅̅̅

Sauter mean diameter

̅̅̅̅

Diameter of the mesh

F

Factor of homogeneity

f

Solid fraction of solids

g

Gravity

H

Liquid height inside the tank

k

Mass transfer coefficient

k0

Mass transfer coefficient of reference

L

Characteristic length

M

Total mass of a sample

mp

Mass of a particle

N

Number of rotation per unit of time

N0

Flux number

Np

Number of particles

P1, P2,

Experimental Parameters

P3
Q

Flow rate

Re

Reynolds number

Rec

Critical Reynolds number

Sc

Schmidt number

Sh

Sherwood number

T

Temperature

t

Time
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Tt

Diameter of the tank

V

Volume of the solution

V

Velocity of the flow

m/s

Vp

Volume of a particle

m3

vt

Terminal velocity of the particle

m/s

ΔXi

Mass of sample withheld in mesh

kg

ρ

Specific mass of the salt

kg/m3

ρs

Specific mass of the solvent

kg/m3

φ

Geometry factor

dimensionless

µ

Dynamic viscosity of the solvent

kg/m.s

α

Constant parameter

m.kg/s2.K
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