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RHEOLOGY AND HEAT TRANSFER DURING MINERAL
RESIDUE PHOSPHATATION IN A RHEO-REACTOR

A. NZIHOU1,*, B. BOURNONVILLE1, P. MARCHAL2 and L. CHOPLIN2

1LGPSD, UMR CNRS 2392, Ecole des Mines d’Albi-Carmaux, Albi, France
2GEMICO, ENSIC, Nancy, France

T
he rheo-reactor consists of a cylindrical vessel equipped with a double helical ribbon
impeller installed in a RS150 controlled stress rheometer. It was used to investigate the
rheological behaviour and the heat transfer in aqueous mineral residue suspensions

during the phosphatation process. The absolute viscosity was determined using a Couette
analogy allowing the quantitative analysis of the torque-rotational speed. The results show that
the suspensions exhibit a viscoplastic or Binghamian behavior. The experimental operating
conditions for the phosphatation process were then selected in order to ensure a good macro-
mixing, even in laminar regime (Re< 30). Heat was generated as the combined result of the
exothermic phosphatation process and the viscous dissipation inside the rheo-reactor. The heat
produced needed to be efficiently removed to reduce its effect on the behaviour of the
suspension. This was evaluated using the Nusselt number and the heat transfer coefficient h.

Keywords: mineral residue phosphatation; concentrated suspensions; Bingham fluid;
rheo-reactor; macromixing; heat transfer.

INTRODUCTION

The mineral residue phosphatation process is generally
carried out in a stirred reactor and aims to produce stable
mineral species in which the toxic metals contained in the
mineral residue can be trapped, in an insoluble form.
The efficiency of the process depends on the transport

phenomena occurring in the reactor which strongly
depends on the rheology of the mineral residue concen-
trated aqueous suspensions. As the exothermic phosphata-
tion reaction proceeds, the rheology of the suspensions
leads to further knowledge of the suspension rheology
throughout the whole process, which is of crucial impor-
tance for ensuring an efficient phosphatation of the mineral
residue.
For this purpose, we will make use of the so-called ‘rheo-

reactor’ methodology (Choplin andMarchal, 1999) for chara-
cterizing the viscous behaviour of the concentrated aqueous
mineral residue suspensions in conditions that can mimic
the phosphatation process.
More specifically and simultaneously, the rheo-reactor

allows us to:

! determine the viscous behaviour of the suspension in non-
reacting conditions;

! realise an in situ viscous follow-up during the phos-
phatation process (at an effective shear rate related to
the imposed stirring conditions);

! impart specific and quantified macromixing and heat
transfer conditions during this process.

One of the main advantages of the rheo-reactor method-
ology relates to the non-settling and relatively well-mixed
conditions under which the viscous measurements are
made, provided the geometrical configuration used is a
vessel agitated with an helical ribbon impeller claimed
as an efficient ‘mixer’ for viscous and non-Newtonian
suspensions. In this geometry, the suspension remains
pseudo-homogeneous and a correct viscosity value can be
determined directly from the torque measured on the impel-
ler shaft.

In this paper, we will examine preliminary results on the
viscous behaviour of mineral residue suspensions at differ-
ent volume or mass fractions as influenced by the phospha-
tation reaction.

MATERIALS AND METHODS

Mineral residues obtained from a municipal solid waste
incinerator contained water-soluble salts. The salts were
extracted in demineralized water in a 100 l laboratory
reactor. The liquid phase extract was filtered and evaporated
in order to determine the water-soluble content. The solid
fraction of mineral residues without the salts was used in
aqueous suspensions (with a solid mass fraction X varying
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from 20 up to 45%) as samples for the experiments
described in this paper.
Mineral residue particle mean size of 28 mm was deter-

mined with a Mastersizer laser granulometer (Malvern
Instruments). This value may in fact correspond to the
mean size of aggregates. The mineral residue density (rp)
of 2460 kgm!3 was determined with a Micromeritics 1330
gas pycnometer.
The mineral residue specific surface area of 15.8m2 g!1

was obtained though a classical BET method with a
Gemini Micromeritics instrument. The heat capacity
Cp¼ 246 JK!1 kg!1 was evaluated at 30#C with a Calvet
C80 calorimeter (Setaram) and the thermal conductivity
l¼ 0.118Wm!1 K!1 was estimated using the hot disc
method. The mineral residue composition was as follows:
Al2O3 (17%), CaO (25%), Fe2O3 (2%), SiO2 (28%), SO4 (2
%), Cr (513 ppm), Cu (1022 ppm), Pb (3731 ppm) and Zn
(12,417 ppm).
Phosphoric acid (>85wt% Normapur, Prolabo) was used

for the phosphatation reaction with a concentration of
12wt%. The correspondence between mass and volume
fraction is given in Table 1. The values were calculated
according to the following equation which defines the
solid volume fraction as the ratio between the volume of
solid particles and the volume of the suspension:

f ¼
Vp

V
¼

Vp

Vp þ Vs

¼
X=rp

(X=rp)þ [(1! X )=rs]
(1)

in which rs is the density of the suspending fluid.
Previous work by Bournonville and Nzihou (2002) estab-

lished that the volume fraction should not exceed 33%. The
rheo-reactor consists of a cylindrical vessel equipped with a
double helical ribbon impeller (see Figure 1) with a capacity
of almost 175ml and was installed in an RS150 controlled
stress rheometer (Haake).
An analytical method based on a Couette analogy

(Ait-Kadi et al., 2002) allowed quantitative analysis of
the torque–rotational speed data of the rheometer in order to
extract absolute viscosity–shear rate data in non-conventional
geometries, in particular that used in this paper. The Couette
analogy assumes that the rheo-reactor geometry (cylindrical
vessel equipped with a helical-ribbon impeller) is equivalent
to a concentric cylinder geometry, in which the height, H, and
the external radius, Re, remain unchanged. The internal
radius, Ri, in this equivalent geometry is chosen in order
to give, in both geometries, the same torque, T, for the same
rotational speed, N, imposed on the impeller and=or the
internal cylinder, for the same fluid. This internal radius, Ri,
can be calculated analytically (in the concentric Couette
geometry) assuming laminar steady state and isothermal
conditions and solving the equations of change for a

power-law fluid (such an assumption is not restrictive at all
over a limited shear rate range). We obtain:

Ri ¼
Re

[1þ (4pN=n)(2pkHR2
e=T )

1=n]n=2
(2)

in which n and k are the parameters of the power-law model,
relating the apparent viscosity, m, to the shear rate, _gg,
according to the following expression:

m ¼ k _ggn!1 (3)

where n is the power law index and k is the consistency
index (in Pa sn).

For a given set of (N, T ) values, it is found that Ri is a
weak function of n, therefore the determination of Ri can
be carried out in the particular case of n¼ 1, that is with
a Newtonian fluid of known viscosity.

The second step concerns the calculation of the shear
stress and the shear rate at a given position in the gap of the
virtual Couette geometry. The shear stress is given by:

t ¼ T

2pHr2
(4)

and the shear rate, for a power-law fluid, is

_gg ¼ (4p=n)(Ri=r)
2=n

1! (Ri=Re)
2=n

! "
N (5)

Even for a virtual gap, we found that there is a specific
position, r*, in the gap for which the term in brackets in
equation (5) is essentially independent of the power-law
index n, in other words, the rheology of the fluid. Once

Table 1. Calculation of volume fraction of solids
using the mass fraction.

Mass fraction, X (%) Volume fraction, f (%)

20 9
25 12
30 15
35 18
40 21
45 25

Figure 1. Rheo-reactor equipped with a helical-ribbon impeller.



this r* value has been determined for the particular case of
n¼ 1, we can evaluate the viscosity at an effective shear
rate, _ggr% , using the following expression:

m ¼ tr%
_ggr%

¼ T=(2pHr%2)
4pN (Ri=r%)

2=[1! (Ri=Re)
2]

(6)

In our particular case and taking into account the specific
geometry of the rheo-reactor, equation (6) becomes:

m ¼ tr%
_ggr%

¼ KtT

K_ggN
¼ 6450T

40N
(7)

in which N is given in rps and T in Nm.
It should be mentioned here that K_gg is nothing but a Ks

value, known as the Metzner–Otto constant (Metzner and
Otto, 1957). This numerical value agrees fairly well with
experimental values available in the literature for this
impeller–vessel configuration (Chavan et al., 1972; Chavan
and Ulbrecht 1973; Kemblowski et al., 1988; Carreau et al.,
1993; Brito de la Fuente et al., 1997), although slightly
higher than an accepted value (Delaplace et al., 2000). This
may be due to the specific geometric configuration of the
vessel agitator arrangement.

RESULTS AND DISCUSSION

Figure 2 reports the viscosity as a function of the shear
rate for the different mineral residue suspensions studied. At
low shear rates, the slope of the viscosity curves approaches
a (!1) value, which indicates the presence of a yield stress,
t0. Because of plateau viscosity values at high shear rates,
the viscous behaviour can be assumed to be viscoplastic or
Binghamian, and can be represented by the following
Bingham model:

m ¼ m1 þ t0
_gg

(8)

in which m1 is the plastic viscosity.
The range of shear rates examined was dictated by the

experimental conditions that could be imposed in the rheo-
reactor during the phosphatation process. Figure 3 shows the
viscosity as a function of the shear rate for the different
mineral residue suspensions studied after premixing with
12wt% phosphoric acid and around 2min of elapsed reac-
tion time, which corresponds roughly to an 80% conversion.
The viscous behaviour is very similar although slightly

more viscous compared with that shown in Figure 2. The

parameters of the Bingham model for all cases are reported
in Table 2.

To bring in motion (and therefore mixing) in the entire
reactor, the shear stress everywhere in the reactor must be
maintained above the yield stress value, t0. The plastic
viscosity, m1 , which times the effective shear rate, is
more important than the shear stress, teff. The effective
shear rate is expressed using the following relationship:

_ggeff ¼ K_ggN (9)

Therefore, we must have:

teff ¼ m1 _ggeff ¼ m1K_ggN & t0 (10)

This is equivalent to writing:

Bi ¼ teff
t0

& 1 (11)

where Bi is the Bingham number. In order to respect this
condition we have chosen a rotational speed N of 400 rpm
(¼ 6 rps), which corresponds to an effective shear rate
of 240 s!1.

Under these operating conditions, the fluid inside
the entire reactor can be considered as equivalent to a
Newtonian fluid with a viscosity equal to the plastic
viscosity m1. Therefore the dimensionless number for
characterizing the hydrodynamics in the phosphatation
process reactor is the Reynolds number, defined as:

Re ¼ rNd2

m1
(12)

Figure 2. Shear viscosity versus shear rate for non-reactive suspension.

Figure 3. Shear viscosity versus shear rate for reactive suspension with
12wt% phosphoric acid.

Table 2. Bingham model parameters of mineral residue
suspension.

0Wt%
phosphoric acid

12Wt%
phosphoric acid

Volume
fraction (%)

t0
(Pa)

m1
(Pa s)

t0
(Pa)

m1
(Pa s)

9 14.5 0.6 20.5 0.9
12 18.5 0.9 25.7 1.1
15 33.9 1.7 50.1 1.6
18 45.7 2.5 50.2 1.8
21 36.9 2.4 54.4 2.6
25 32.9 3.0 60.8 4.4



in which d is the diameter of the impeller. In all experiments,
Re never exceeded the upper limit of laminar regime, and
remained below 30.
Furthermore, inside the rheo-reactor, heat is produced by

the exothermic reaction and also by viscous dissipation. In
fact, regarding the level of apparent viscosity of the suspen-
sions in Figure 3, the viscous dissipation, which is the work
done in the suspension by the ribbon impeller against viscous
forces, is irreversibly converted into internal energy (heat)
that could be significant (Xu et al., 2003; Bird et al., 1960).
That heat must be efficiently removed. In this paper, the
investigation of heat transfer is considered as the combined
effects of the phosphatation process and viscous dissipation.
The enthalpy of the processes considered is

685 kJmolH3PO4
!1 and it corresponds to a temperature

increase of about 10#C during the reaction (Bournonville,
2002). The heat removal can be evaluated through the
calculation of the heat transfer coefficient, h, using the
following Nusselt number correlation proposed by Mitsuishi
and Miyairi (1973) for a laminar regime and for a stirred
reactor almost equivalent to that used in this study:

Nu ¼ hd

l
¼ 0:78Re1=3Pr1=3

m
mw

# $0:18

(13)

in which Pr ¼ Cpm1=l is the Prandtl number and mw is the
viscosity of the suspension at the wall temperature. Provided
the reactor may operate under well-mixed conditions, the
temperature in the small volume rheo-reactor can be con-
sidered as a constant and we can omit the last term in
equation (13).
The heat transfer coefficients calculated from the Nusselt

number [equation (13)] are reported in Table 3, showing a
variation of an order of magnitude between 156 and
1507Wm!2 K!1. Convection appears to be the dominant
heat transfer process. In the operating conditions we have
used, the heat transfer coefficient is quite high, favouring
therefore heat removal, and slightly decreases with the
increasing volume fraction of solids in the suspension.

CONCLUSIONS

Concentrated mineral residue aqueous suspensions were
characterized from a viscous point of view in a rheo-reactor
and exhibited a viscoplastic (Bingham) behaviour over the
range of concentrations studied.
The knowledge of the viscous behaviour allowed us to

select appropriate operating conditions to realize an effi-
cient phosphatation reaction under well-mixed=non-settling
conditions with good heat removal in this rheo-reactor. It has
been shown that the viscous behaviour varied slightly with

the conversion during the phosphatation reaction. Further
work will focus on mass transfer and scale-up of this process.

NOMENCLATURE

Bi Bingham number
Cp heat capacity, J K kg"1

e clearance between impeller and vessel wall, m
h heat transfer coefficient, Wm"2 K"1

H height of the cylinder, m
k constant
Ks Metzner–Otto constant
Kt stress constant, PaN"1m"1

K _gg shear rate constant, 1 rad"1

n consistency
N impeller rotational speed, s"1

Nu Nusselt number
Pr Prandlt number
r* specific position in the gap, m
Re Reynolds number
R couette cylinder radius, m
T torque, Nm
V volume, m3

X mass fraction of solid, %

Greek symbols
_gg shear rate, s"1

_ggeff effective shear rate, s"1

r density, kgm"3

l thermal conductivity, Wm"1 K"1

m viscosity, Pa s
m1 plastic viscosity, Pa s
t0 yield stress, Pa
f volume fraction of particles

Subscripts
e external
eq equivalent
eff effective
i internal
p particle
s continuous phase
w wall
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