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ABSTRACT

A numerical model for simulating tur-
bulent two-phase flows agitated by an im-
peller in a mixing tank is presented. An
axi-symmetric model is used for the impeller
blades and wall baffles. The two-phase fluid is
modelled as a two-fluid interpenetrating gas-
liquid mixtures. A RNG-based turbulence
model is implemented in the numerical algo-
rithm.

This numerical scheme is used to pre-
dict a turbulent two-phase gas-liquid flow in
a stirred vessel for which experimental data
has been gathered. The numerical method
presented in this paper is validated against
experimental data.

1. INTRODUCTION

Mixing is an essential engineering pro-
cess in the mineral and metal processing in-
dustries. Gas-liquid two-phase flows are of-
ten used either as an integral part of mixing
processes or to facilitate effective chemical
reactions. Understanding the complex gas-
liquid flows in agitated mixing tanks is vital
to any efforts to improve such mixing pro-
cesses. In this paper, we present a numerical
method for simulating two-phase flows stirred
by a impeller in a mixing vessel. The two-
phase fluid is a mixture of liquid and gas,
the impeller can be a Rushton turbine or a
propeller. There are also baffles mounted in-
side the mixing tank. Such mixing tanks are
widely used in the mineral and metal process-
ing industries.

For agitated mixing tanks, the two-phase
fluid flows are three-dimensional, and the
flow is often turbulent under normal working
condition. In addition, as the impeller blades
rotate relative to the stationary baffles, we
also face a rotating (moving) boundary situ-
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ation. A direct numerical simulation of such
complex unsteady three-dimensional turbu-
lent two-phase flows would be prohibitively
expensive in terms of computation time and
computer memory. The cost in terms of hu-
man resources to prepare and to set up a
model of a even very simple agitated mixing
vessel will be much more than the computing
expenses. Therefore, a simple and easy-to-
implement mathematical model for simulat-
ing such two-phase flows is needed for engi-
neers as their practical tool in assessing and
for improving mixing processes.

In this paper, we first present a numer-
ical scheme that can be easily implemented
to simulate such two-phase flows in mixing
tanks stirred by impellers. This numerical
scheme will then be used to predict a liquid-
air flow in a stirred mixing tank. The predic-
tion given by the numerical method is com-
pared with experimental results. The com-
putation time and memory requirement for
the simulation are within easy reach of ordi-
nary workstations, and the robustness of the
numerical method and accuracy of the pre-
dictions will be demonstrated. The numeri-
cal algorithm is implemented through general
PDE package Fastflo (Zhu 1993).

2. MATHEMATICAL MODELS

2.1 Two-Phase Flow Model

For the two-phase flow in the mixing ves-
sel, we consider the liquid to be the dominant
component: i.e. liquid is regarded as the car-
rying medium. The volume fraction of the
liquid is oy, and the gaseous fluid has a vol-
ume fraction of ay. «; and «, satisfy the
relationship of ag + oy = 1.

We use a two-fluid model for the two-
phase flows. The gas and liquid will have the
same pressure field, but each phase has its




own velocity field. The interaction between
the gas and liquid is reflected by an extra
term in the momentum equations of the gas
and liquid respectively. Therefore, a two-way
coupling between the gas and liquid is fully
implemented.

The governing equations of the turbulent
two-phase flows consist of the Favre-averaged
equations of conservation.

The mass continuity equation is:

Ooy,
L4+ (Vi) =0

vy (1)

where k indicates the kth phase of the fluid
mixture. Vy is the velocity vector of the kth
phase of the fluid, the vector velocity V;, has
its component UF in the 4 coordinate direc-
tion. py is the density of the kth phase.

The momentum equation is written as:

prog——+ (pror Vi - V)Vk-l- Y2 byp

=L -G +Fy2)

Vi
ot
=V loxut(V Vi + VVE)]
while P is the common pressure, and M? =
poUZ/ Py is the Mach number, a coefficient
resulting from non-dimensionalization. For
incompressible fluid, M can be set to 1. p; is
the turbulent viscosity which will be defined
later by a k — € turbulence model.

On the right hand side of the momen-
tum equation, G is the gravity vector force
which acts on the fluid uniformly, while L is
a vector force that only has a constant value
in the fluid region covered by the impeller
blades. This vector force L is created to rep-
resent the directional lifting force produced
by propeller blades. Fg is the interacting
force between the liquid and gas phases. In
the current implementation, Fy consists of
three components:

Fog=Fa +Fpnr+Fy (3)
where Fg, is the interfacial drag force on the
kth phase, Fy,; is the added virtual mass
force on the kth phase and Fy;, is the interfa-
cial lift force on the kth phase.

The interfacial drag force Fdy, is calcu-
lated in the same way as that of Morud &
Hjertager 1996:

Fap = Fg(Vi~ Vi) (4)

where the scalar coefficient F; can be calcu-
lated from

3 Cy
Fy= Zal%pld_blvl = Vil
and
6/7
Ca = 2y, [952 L LT.6T(F ()] P
37 18.67f (ary)
here
flag) = %a? if0.3 <0y <07
ozg if ag > 0.7
4

V' 9p/y

where g is the gravitational acceleration, v =
0.07kg/s? and 6p = p; — pg-

The added virtual mass force F,,;, can be
computed from the following formula (Bois-
son & Malin 1996):

F A—Plcmag[ 9+V -(VVy)
3V
vV @)

where the coefficient C,, is calculated from
(Boisson & Malin 1996)

Cm = Cma(1 —2.78 - min{0.2, oy })

where Cp,q = 0.5.

The interfacial lifting force Fy; is calcu-
lated in the same way as that of Boisson &
Malin (1996).

Fie = Cipiog(Vg — Vi) X (v x Vi) (6)
where Cj is assumed the same value as Cy,.

Temperature T is assumed to be the
same for both the liquid and the gas at any
particular point in the space. The energy
equation can therefore be written as:

CaT

5 +pCpV-YT = - [(Cput+A) VT +hs

(7)
hs is the heat source due to the chemical re-
action in the two-phase fluid. In this paper,
we only assume that: -

T
hs = APQI aghrea.c ( EZT)4
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where hreqc 15 the heat of reaction, T, is the
ambient air temperature. Cj is the total spe-
cific heat of the fluid, and it can be calculated
as:

Cp = proyCpt + pgctgChyg

where Cp; is the specific heat of the liquid,
and Cpg is the specific heat of the gas.

2.2 k — € Turbulence Model

We will use turbulence models developed
for single-phase fluid flows to estimate turbu-
lence effect in two-phase fluid flows. In the
present paper, we will use the two-equation
k — € model based on the Renormalization
Group (RNG) analysis (Yakhot et al 1986).
The velocity and density used in the turbu-
lence model will be Favre-averaged.

P = qupy -+ Cgpg
pV = aipVi+ agpsVy

The transport equation for the turbu-
lence kinetic energy k is:

Ok
pop TPV k= - loue v k] =
8U; aU Y
#tz Bz, 33:] 8:1:,) pe (8)

and the dissipation rate e is:

+(pV) - ve— v - [ap v €] = —pS

€
Pa t ,
oU; aU aU; €2
+Cng Z axj + 5 ) — Cap—(9)

Details of S can be found in the paper of
Yakhot et. al. (1986). Once k and € are
obtained, the total viscosity u: is calculated
from:

22 o)

Ht = meol[l + (Vm : 61/2

The constants assume their standard values:
C, = 0.0845, C; = 1.42, C; = 1.68, g =
0.012, o = 4.38 and o = 1.39.

2.3 Models of Impeller and Bafiles

In this paper, we consider a generic mix-
ing tank, where baffles are mounted on the
tank’s cylindrical wall, and an impeller ro-
tates at constant angular speed in the center
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of the tank. The tank is filled with liquid,
and gas is released into the tank at a loca-
tion along the axis, as shown in Figure 1.

In our mathematical model, the im-
peller is regarded as having infinite number
of blades rotating at constant angular speed
w. We also assume that there are also in-
finite number of baffle blades. With such a
simplification, we can treat the flow as axi-
symmetric, and the flows and heat transfer
can therefore be resolved in two dimensions.
A cylindrical coordinate system (r, z,8) will
be adopted, with the same axis as the mixing
vessel. .

When the axial velocity U, and radial
velocity U, are determined from the momen-
tum equation along the axial and radial di-
rections, it should be noted that the momen-
tum equation still applies within the region
occupied by the impeller blades, but with the
f-component equation replaced by one pre-
scribing Up as: Uy = w X r. In the case of
a propeller, an additional driving force that
accounts for lifting effect will appear in the
momentum equations. Of course, the surface
of the impeller’s blades has a damping effect
on (U, U,), this can be modelled with a high
viscous term being added to the momentum
equation.

For the tangential velocity component,
within the area occupied by the impeller
blades, we regard Uy as that of a solid rotat-
ing body: i.e. the tangential velocity is de-
termined as Uy = Cs[w x 1], where Cs is a slip
coefficient that is determined by the number
of impeller blades. For the region outside the
impeller blades, the tangential velocity Up is
determined from the momentum equation in
the tangential direction 6.

In the area that is occupied by the baf-
fles, the tangential velocity Uy is assumed to
be zero, while the momentum equations for
(Ur,U;) have an extra viscous term.

3. NUMERICAL SCHEME

To obtain the liquid velocity V;, we will
use an artificial-compressibility method (Zhu
1993) to solve the liquid momentum equa-
tions. For the gaseous velocity Vg, we will
use a classical two-level convection-diffusion
operator-splitting scheme (Fastflo Tutorial




Guide 1996). The operator-splitting scheme
is based on separating the convection and dif-
fusion terms of the momentum equations.
The velocities of both the gas and the
liquid are solved separately and sequentially.
The procedure for solving the two-phase fluid
flow is iterative. The solution procedure for
all the equations is listed in the following 12
steps:
1. The liquid momentum equation (2) in the
tangential direction is solved to give U}.
2. The momentum equations (2) for the lig-
uid in the r and z directions are then solved
to give (UL, UL).
3. The pressure is then updated by solving
the continuity equation for liquid.
4. The gas momentum equation (2) in the
tangential direction is solved to give Uj.
5. The three interfacial forces between the
gas and the liquid are evaluated by equations
(4), (5), (6).
6. The two-step operator-splitting scheme is
employed to solve the gas momentum equa-
tions (2) to give (U$,UY).
7 In the operator-splitting scheme, the mass
transport equation (1) for the gas is solved
to give the distribution of gas volume frac-
tion ay. :
8. The pressure is updated again by solving
the continuity equation for the gas.
9. The turbulence parameters k and € are ob-
tained by solving their respective transport
equations (8) and (9).
10 Total viscosity u: is now updated by (10).
11. The three interfacial forces between the
gas and the liquid are updated before another
iterative loop is started.
12. The energy equation (7) is solved to ob-
tain temperature distribution.
The entire numerical method is impel-

mented in finite-element formulation using

the general PDE package Fastflo.

6. NUMERICAL TEST

The numerical method presented in this
paper will be verified for its robustness and
accuracy. We have chosen the 151 stirred ves-
sel of Applicon for which experimental data is
available as published by Morud & Hjertager
(1996). The schematic of the mixing tank
with a six-bladed Rushton turbine and four

baffles is shown here in Figure 1.

The diameter of the vessel is D = 0.222
m, and the impeller diameter is D; = D/3.
The baffle width is B = D/10 and the Rush-
ton turbine blades have a squared shape of
L = 0.09D length. The blades are attached
to a impeller disk of diameter 0.243D. The
disk is at height H = 0.47D from the bottom
of the vessel. The gas is introduced to the
tank through a pipe of diameter 0.108D;, the
pipe inlet is located on the vessel axis and the
distance between the pipe inlet and the bot-
tom of the vessel is 0.2D. The tank is filled
with distilled water to the height of Hy = D.
The Rushton turbine is rotating at a speed of
360 RPM. The total volume of water in the
vessel is 7.51 litres, and the rate of air flow-
ing into the vessel is 1 vvm (volume air per
volume liquid per minute).

As the two-phase flow is treated as ax-
isymmetric, we only need to solve the two-
phase flow in half of the cross-section of the
mixing vessel. The mesh representing the dis-
cretized cross-section of the vessel is shown on
the left side of Figure 2. The right half cross-
section of Figure 2 shows the computed liquid
velocity vector arrows. The air pipe is rep-
resented as a tube along the axis below the
impeller. In the present simulation, we use
2000 grid points to cover half of the cross-
section. Linear triangular elements are used.
In the present calculation, after 24 hours of
CPU time on a DEC 3000 alpha workstation,
we can achieve convergence within 1700 iter-
ations, and without any guessed solution to
start from.

In Figure 3, we have plotted the com-
puted radial and axial velocity components
of the air at height H = 0.23D. Experimen-
tal results are also plotted in the figure for
comparison (experimental data of the tan-
gential (swirling) velocity component is not
available). The radial velocity of the air is
well predicted in the area of 0.2 < r/R < 1.0,
but in the region of r/R < 0.2, the radial
velocity is under-predicted. The axial veloc-
ity component is over-predicted for a large
part of r/R > 0.1, even though the general
trend is well represented. For both radial and
axial components, in the region r/R < 0.2,
the computed results are largely influenced
by the location of the bottom of the rotating
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shaft of the impeller, since in the present set-
ting, there is only very small gap between the
bottom of the shaft and the air inlet. As we
do not have precise data on the location of the
bottom of the shaft, in the present computa-
tion, we choose H = 0.25D as the location
of the bottom of the shaft, to approximately
coincide with the published schematic. Once
we have obtained exact data on the location,
we expect the prediction could be improved
in the range r/R < 0.2.

At height H = 0.47D from the bot-
tom of the vessel (where the impeller disk
is mounted), we compare the radial, axial
and tangential components of the air veloc-
ity with the experimental data of Morud &
Hjertager (1996). The results are presented
here in Figure 4. As the impeller blades ro-
tates at this height H = 0.47D, experimental
data is not available within the rotating blade
area of r/R < 0.333. In Figure 4, the numer-
ical prediction for the radial velocity agrees
well with experimental data, while the ax-
ial velocity is over-predicted. However, by
examining the experimental measurement of
the axial velocity of air, we can see that the
axial velocity is almost zero everywhere ra-
dially. This indicates the air bubbles do not
flow upwards in the experiment, a seemingly
violation of air mass conservation. This dis-
crepancy may be attributed to the fact that
the circumferential averaged axial velocity in
the experiment is not Favre averaged with
volume fraction g, while the numerical solu-
tion is based on Favre averaging. In other
words, the experimental axial velocity has
different meaning from the numerical axial
velocity. It is not surprising to have such a
discrepancy when they are compared. Exper-
imental results based on Favre averaged data
should be compared with the present numer-
ical solution. The swirling velocity is moder-
ately over-predicted, but the radial distribu-
tion of the swirling velocity is well simulated
as shown in Figure 4.

As there is no temperature measurement
in the experiment, we have not included com-
puted temperature results.

7. CONCLUSION

In this paper, we have presented a nu-
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merical method for predicting turbulent two-
phase flows in an agitated mixing tank. The
two-phase flows are made up of bulk liquid
and air. The flows are driven by a Rushton
turbine or a propeller.

The rotating impeller and stationary
baffles are mathematically modelled to have
infinite number of blades, so that the complex
two-phase flows can be treated as axisymmet-
ric. A convection diffusion operator-splitting
technique is used to simulate the gaseous flow
while the liquid velocity is determined by an
artificial-compressibility method. A RNG-
based k — € model is implemented to account
for turbulence effect.

The numerical algorithm presented in
this paper is used to predict an air-water
two-phase flow driven by a six-blade Rush-
ton turbine. The numerical solution of the
radial, axial and tangential velocities of the
air is compared with experimental results.
However, a more valid comparison: should
be made when Favre-averaged experimental
data can be found. From the comparison
with the experimental data available, we can
see that the present numerical method can
well qualitatively predict the two-phase flow
in regards to the gaseous velocity.

Given the complex nature of the two-

phase flows instigated by an impeller, the ac- -
curacy of the predictions of the present nu-

merical method is quite satisfactory. As ex-
perimental data is not available on the liquid
velocity, we cannot evaluate the accuracy of
predicting the velocity of the liquid flow.

As part of our continual research on
flows driven by impellers, the next step will
be to include solid particles to study three-
phase flows in agitated mixing tanks. Solid
particle suspension and heat transfer will be
the focus of this research activity.
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Figure 1: Schematic of the mixing tank with an impeller.
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