
Causticizing plants in kraft pulp mills frequently suf-
fer from hard calcium carbonate scale formation on 
the smelt dissolving tank agitators, walls, and floor, 

as well as in the downstream pumps, pipelines, and other 
green liquor handling equipment [1]. As scale builds up on 
an agitator, it can eventually bridge between the blades. 
The scaling illustrated in Fig. 1 is an example of extreme 
scaling in which the agitator had to be shut down, removed, 
and cleaned because it was no longer possible to maintain 
the required rotational speed without significant vibrations 
and very high pump amps. The scale in this case is thickest 
near the center of the agitator, whereas the blade tips are 
relatively clean. Scaling also covers the shaft. Although a 
certain amount of scale will inevitably build up on the ag-
itators, unmanaged scaling may cause insufficient tank 
mixing, in addition to vibrations due to mass imbalance, 
increased motor load due to the mass of the scale, and dam-
age to the agitator packing or mechanical seal. For side wall 
agitators, damage to the packing or seal leads to reliability 
and safety issues. While many tanks have backup steam 
agitators to deal with agitator failure, these are only a short-
term solution, as it is not known how long tanks can be 
operated under these conditions. 

In a smelt dissolving tank, droplets of shattered molten 
smelt from the recovery boiler fall into the tank, interact 
with weak wash, and dissolve to produce green liquor. 
Agitators promote the mixing in the tank, which is critical 
to rapid dissolution of the smelt and ideally prevents the 
smelt from settling to the bottom of the tank. Good smelt 
dissolution and avoidance of smelt pooling is needed to 
avoid loud, violent, and potentially dangerous smelt-water 

interactions, such as during smelt runoffs [2,3]. 
Cho [4] recently studied the effects of agitator configura-

tions on the hydrodynamics and outlet concentrations in a 
cylindrical smelt dissolving tank to determine ideal design 
and operating conditions. That study used MixIT, a com-
mercial computational fluid dynamics (CFD) software for 
simulating tank mixing. It was found that positioning agita-
tors away from the outlet reduces outlet concentration fluc-
tuations and low-velocity regions (i.e., “dead zones”) where 
smelt might pool. It also indicated that tanks with three 
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that the mixing of the smelt with the weak wash is likely poor and that there would thus be a risk of smelt pooling.

	 Application: A smelt dissolving tank model has been developed to predict how tank hydrodynamics and smelt 
concentrations respond to the presence of agitator scaling.

1. Severe agitator scaling.
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impellers could perform better than tanks with only two, 
although a poorly configured three-impeller tank could per-
form worse than a well configured two-impeller tank.

Although no other numerical studies of mixing in smelt 
dissolving tanks were found in literature, there have been 
several numerical studies of mixing tanks in general, usu-
ally involving cylindrical tanks with either top-entry [5-9] 
or side-entry [10-12] agitator configurations. The topics and 
purposes of these studies are all widely varied. For exam-
ple, Madhania et al. [10,12] compared different turbulent 
and mixing model couplings for the mixing of two miscible 
liquids with large viscosity differences in a conical-bot-
tomed cylindrical tank and the resulting mixing times ob-
tained with the standard and realizable k-ε turbulence mod-
els. Torotwa and Ji [5] compared flow and homogeneity for 
four impeller designs (anchor, sawtooth, counterflow, and 
Rushton turbine). Zamankhan [6] studied the dissolution of 
multi-sized sodium formate granules in a baffled laborato-
ry-scale tank. Hernández-Jaramillo et al. [11] simulated flow 
distribution in a crude oil storage tank. Zadravec et al. [9] 
examined the effect of the rotating domain size in a mul-
tiple reference frame modeling approach on numerical ac-
curacy compared to experimental results. Cao et al. [7] de-
veloped a model for predicting the dissolution of spray-dried 

detergent powder, linking the dissolution behavior of bulk 
particles to the input power of the mixing system. Finally, 
Pakzad et al. [8] characterized the performance of a Scaba 
6SRGT impeller for the mixing of non-Newtonian pseudo-
plastic fluids with a yield stress in laminar and transitional 
flow regimes.

The turbulence and mixing models that are used impact 
the numerical accuracy and computational cost. The Mul-
tiple Reference Frame model [13] was frequently used in 
the previously mentioned studies [5,8,9,10-12]. It is less ac-
curate than the alternative Sliding Mesh model [14], but it 
is much less computationally expensive and allows for 
time-averaged steady-state solutions. Turbulence models 
included the standard k-ε [5,10,12]; realizable k-ε [10,12]; 
RNG k-ε [11]; k-ω-based shear stress turbulence [9]; and 
large-eddy simulation [6,10], with the latter being the most 
computationally expensive. 

The objective of this work was to develop a CFD smelt 
dissolving tank model to determine how agitator scaling 
affects the hydrodynamics in the tank. Four cases are com-
pared that range in degree of agitator scaling: clean agita-
tors (i.e., no scaling), mild scaling (no bridging between 
blades), moderate scaling (bridging between blades), and 
extreme scaling (bridging between blades and more cover-

2. Model geometry and boundary conditions.
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age of blades). Velocity profiles for the four cases provide 
an indication of the extent to which mixing is affected. As 
described in the next section, smelt is treated as a liquid 
stream with twice the density of water [15], and then the 
density of the mixture of the weak wash and smelt are used 
to identify areas of relatively poor mixing.

COMPUTATIONAL METHODOLOGY
A steady state, three-dimensional (3D) model has been de-
veloped for a uniquely shaped industrial dissolving tank 
with side-entry agitators (Fig. 2). The tank resembles a 
peanut shell from above. Only the inside of the tank (i.e., 
the fluid domains and agitators) was modeled. The maxi-
mum length and width of the computational domain are 
10.6 m and 6 m, respectively. A fixed height of 1.8 m was 
assumed for the fluid. Smelt was treated as a liquid miscible 
with water. Four smelt inlets, with a combined mass flow 
rate of ṁS= 11.5 kg/s, and two weak wash inlets, with a 
combined mass flow rate of ṁWW = 72 kg/s, are located on 
the top surface of the domain. Two green liquor outlets, 
with a combined mass flow rate of ṁGL= 83.5 kg/s, are lo-
cated on the front wall of the tank. The following material 
properties were assumed for weak wash and smelt:  
ρWW  = ρwater = 1000 kg/m3, ρsmelt = 2ρwater = 2000 kg/m3, and 
μWW = μsmelt = μGL = 9.637×10-3 kg/m-s. Shear-free conditions 
were imposed on the free surface and no-slip conditions 
on the tank walls and agitators. The agitators are offset 15° 
from the wall normal and are located 0.6 m from the bot-
tom of the tank. 

The geometry of the agitators and scaling from each case 
are given in Fig. 3. The mild scaling case has equal amounts 
of scaling on each blade that are thickest near the shaft of 

the agitator and then taper off about halfway up the blades. 
For the moderate and extreme scaling cases, the scale bridg-
es the blades and covers the shaft. The extreme scaling case 
approximates the scaling shown in Fig. 1.

The commercial, trademarked CFD software ANSYS Flu-
ent was used to run the simulations. Preliminary simula-
tions of the entire tank confirmed a symmetry about the 
tank center, and so thereafter, we modeled just the right 
half of the tank to reduce computational costs. Mixing was 
modeled with the Multiple Reference Frame model [13]. 
Figure 4 shows the model setup. The tank was separated 
into a rotating agitator domain and a stationary domain for 
the remainder of the tank. Flow was solved in each subdo-
main in its corresponding reference frame. The rotating 
domain rotates at the speed of the agitator, 1200 rpm, 

3. Agitator and scaling geometry.

4. Multiple reference frame model setup.
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5. Cut-out view of the extreme scaling case mesh (left) and a zoom-in view of the agitator surface (right) prior to conversion to a 
polyhedral mesh.

which was kept constant even with scale up, as is done in 
practice. Although the rotating domain diameter was max-
imized to improve model accuracy, as was found in [9], the 
bottom of the tank posed an upper limit.

The realizable k-ε model was used to model turbulence. 
This model is a variation of the standard k-ε model and is 
more suitable for flows featuring strong streamline curva-
ture, vortices, and rotation [16]. The curvature correction 
option and Menter-Lechner wall treatment were also used 
(see [16] for more information on turbulence modeling). For 
simplicity, the complex smelt-weak wash interaction de-
scribed in [2,3] was not modeled. 

Smelt concentration in the tank was modeled with the 
homogeneous multiphase mixture fraction model using an 
implicit formulation for the volume fractions of the mis-
cible weak wash and smelt phases and the dispersed in-
terface option because of the low loading of the smelt 
phase and to reduce computational cost (see [17] for more 
information on multiphase modeling). 

The governing equations were spatially discretized in 
ANSYS Fluent with the following schemes: PRESTO! for pres-
sure, second order upwind for momentum and turbulence, 
and QUICK for the multiphase volume fraction. The pressure-
based solver and the SIMPLEC pressure-velocity coupling 
scheme were used. See [18] for detailed solver theory.

RESULTS AND DISCUSSION
Mesh independence and a convergence study

Meshes composed of tetrahedral cells were constructed for 
the right-half domain of each case using ANSYS Meshing. 
For example, Fig. 5 shows the mesh used for the extreme 
scaling case. The mesh was refined at the inlets and outlet, 
the interfaces between rotating and stationary domains, and 
the agitator. Local refinements were also made within the 
rotating domain and the jet impingement region on the wall 
opposite the agitator. Mesh inflation was used on the walls 

and agitators (5 and 10 layers, respectively). Polyhedral 
meshes tend to be more efficient than tetrahedral meshes 
[19]; thus, once imported into ANSYS Fluent, the tetrahedral 
meshes were converted to meshes composed of polyhedral 
cells using the built-in Fluent conversion feature, reducing 
cell count by a factor of approximately 5. The prism cells in 
the inflation layers were preserved in the process. 

A mesh study was conducted on the extreme scaling 
case to determine an appropriate level of mesh refinement, 
which was assumed to then apply for all the other cases. 
Three polyhedral meshes were compared: A, B, and C with 
1.99 M, 3.71 M, and 6.29 M cells, respectively. To compare 
the three cases, velocities were examined along three lines 
illustrated in Fig. 6. Figures 7–9 show the fluid veloci-
ties along those lines. Mesh independence is not fully 

6. Three lines along which velocities are compared. Line 1 is 
co-linear with the agitator rotational axis. Line 2, also residing 
in the agitator plane, spans from the tank center to the opposite 
side wall. Line 3 is perpendicular to the agitator plane and 
passes through the intersection point of Lines 1 and 2.
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7. Mesh study velocity comparison along Line 1 from Fig. 6.

8. Mesh study velocity comparison along Line 2 from Fig. 6.

9. Mesh study velocity comparison along Line 3 from Fig. 6.
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reached with Mesh B (3.71 M cells), as can be seen when 
comparing meshes B and C. Nevertheless, it was decided 
to proceed with this level of mesh refinement for the scal-
ing study, because simulations took significant amounts of 
time to run and reach convergence. Based on these results, 
mesh-related inaccuracy is expected to be highest near the 
agitators but minimal throughout most of the tank.

Although there were no problems in achieving conver-
gence for the extreme scaling case and clean agitator case, 
there were oscillations in the solutions for the other two 
cases, despite significant efforts to remove them. For ex-
ample, modifying the turbulence model would sometimes 
resolve the issue for one case but create issues for others. It 
was ultimately decided to accept the oscillations, since ve-
locities would only fluctuate locally within ±10% or less. 
Results for the mild and moderate scaling presented in what 
follows are the mean of these oscillations. 

Scaling study
Effects on velocity
The clean agitator creates a high velocity jet that diffuses out-
ward radially as it moves away from the agitator and imping-
es on the wall facing it (Fig. 10). The jet then separates and 
recirculates along the walls back toward the agitator, and 
some of the recirculated flow is drawn back into the jet. Ed-

dies can be seen in the dark blue low-velocity regions. The 
agitator axis is at Z = 0.6 m and highest velocities are natu-
rally seen at this level. At Z = 0.2 m and Z = 1.0 m, similar 
flow fields are obtained, although the jet is more diffuse and 
has a lower velocity due to the distance from the jet core. In 
these planes, the flow in the jet is also skewed to the right 
and left, respectively, due to the counterclockwise rotation 
imposed by the agitator. At Z = 1.4 m, the jet is very diffuse, 
although the recirculating flow pattern from the jet impinge-
ment is still present. 

Figures 11 and 12 show similar flow fields for all the 
degrees of agitator scaling. The scaling reduces the jet ve-
locity, as is apparent by the shorter high velocity red regions 
in the jet core at Z = 0.6 m with increased scaling. The re-
gions outside of the jet also have lower velocities for the 
extreme scaling case compared to the other three, at both 
Z = 0.6 m and 1.0 m.

The average velocities in the tank (Table I) can be used 
to quantify the global impact of scaling on the dissolving tank 
hydrodynamics. With clean agitators, the average velocity in 
the tank is 4.00 m/s. This is reduced by 2.5%, 6.2%, and 35.2% 
due to mild, moderate, and extreme scaling, and so the over-
all effect is only pronounced for the extreme scaling case. It 
is interesting to note that the mild and moderate cases impact 
the velocities in similar ways, despite the bridging that is pres-

10. Clean agitator flow fields at Z = 0.2, 0.6, 1.0, and 1.4 m elevations from the bottom of the tank.
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11. Flow field comparison of each scaling case at an elevation of Z = 0.6 m from the bottom of the tank (i.e., the agitator plane).

12. Flow field comparison of each scaling case at an elevation of Z = 1.0 m from the bottom of the tank.



PULPING

196  TAPPI JOURNAL | APRIL 2022 | VOL. 21 NO. 4

ent on the moderate scaling case. The similarity could be 
due to the relatively small blade spans in either case. 

To quantitatively compare the four cases, velocities are 
plotted along Lines 1-3 from Fig. 6 shown earlier  
(Figs. 13–15). The peak jet velocity near the agitator at  
X = 3.79 m is similar for all four cases: ~16.5 m/s for the 
extreme scaling case and ~18.3 m/s for the other three cases 
(Fig. 13). The velocity decays very rapidly by X = 3.4 m for 
the extreme scaling case, whereas the other three cases 
show a more gradual velocity gradient along the line. 

Perpendicular to the jet, velocities are generally lower 

as the scaling increases, particularly within the jet  
(Fig. 14). It is interesting to note that this is not the case 
near the wall, where velocities are higher with some scal-
ing (the mild scaling case has the highest local velocity). 

The effect of scaling on the diffusion of the jet is pro-
nounced when looking at the vertical axis line, which is 
1.79 m from the agitator (Fig. 15). Velocities are all very 
similar near the bottom of the tank. Near the free surface, 
the velocity is about the same for the clean agitator, mild, 
and moderate scaling cases, ~0.8 m/s, whereas it is higher 
for the extreme scaling case, ~2.4 m/s. 

Case: Clean Agitator Mild Scaling Moderate Scaling Extreme Scaling

Tank average velocity, m/s 4.00 3.90 3.75 2.59

Velocity reduction, % -- 2.5 6.2 35.2

I. Reduction of average velocities in the tank from scaling.

13. Velocity comparison of each scaling case along Line 1 from Fig. 6.

14. Velocity comparison of each scaling case along Line 2 from Fig. 6.



PULPING

APRIL 2022 | VOL. 21 NO. 4 | TAPPI JOURNAL  197

Effects on smelt mixing
The multiphase model tracked the volume fractions of the 
smelt and weak wash phases throughout the tank, and 
overall densities were computed based on the volume frac-
tions. Since smelt is denser than weak wash, higher smelt 
concentrations are denoted by regions of higher overall 
density. The average overall density in the tank is  
1074.4 kg/m3 for all the cases, and the resulting variances 
are very small due to the long residence times and consid-
erable agitation. Four density isosurfaces, corresponding to 
1074.5, 1075, 1075.5, and 1076.0 kg/m3, allow for visualiza-

tion of the extent of mixing of the weak wash and smelt in 
all cases (Fig. 16). Regions encapsulated by these surfaces 
have higher smelt concentrations. Near the smelt inlets, 
smelt concentration is obviously highest. The recirculated 
flow from the jets then sweeps the smelt towards the agita-
tors and into “dead zones” that are shared by all four cases. 
These dead zones thus have higher smelt concentrations, 
which coincide with the findings of Cho [4]. The bottom of 
the tank has higher smelt concentrations for all three scal-
ing cases, but this is especially pronounced for the extreme 
scaling case. Acknowledging that smelt-water interaction is 

15. Velocity comparison of each scaling case along Line 3 from Fig. 6.

16. Isosurfaces of above average density in the tank due to higher smelt concentration.
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ABOUT THE AUTHORS
Hard calcium carbonate scale often forms on the 
agitators in smelt dissolving tanks, and the effects 
of this scale on mixing are not well understood. A 
steady state, 3D model has been developed for a 
smelt dissolving tank at a kraft pulp mill to better 
understand the impact of agitator scaling on hy-
drodynamics and tank concentrations. While mix-
ing in tanks has often been modeled in the litera-
ture, there have been no studies involving agitator 
scaling.

Modeling mixing in an industrial-scale tank is 
computationally expensive. Thus, finding the right 
balance between model accuracy and computational 
expense was the most difficult aspect of this re-
search, which was addressed through a literature re-
view of other mixing tank models and by trying dif-
ferent models during the model development stage.

Flow fields were obtained for four cases (clean 
agitators and mild, moderate, and extreme scaling), 
showing that mixing is negatively impacted by agita-
tor scaling, particularly for the extreme scaling case, 
in which a 35% reduction in the average fluid veloci-
ty in the tank resulted.

The results presented in this paper strongly indi-
cate that by the time an agitator scales to the degree 
that it needs to be taken down due to excessive vi-
bration or the limitations of pump amps, it is likely 
no longer mixing sufficiently, which may lead to 
smelt pooling. With the information presented here, 

mills can have better knowledge of the degree to 
which mixing is impacted by agitator scaling and 
when it needs to be shut down for removal and 
cleaning. The next step in this research will be to 
better account for smelt-water interaction, including 
smelt droplet cooling and dissolution, which will bet-
ter define the conditions for which smelt droplets 
begin to reach the bottom of the tank and pool, rath-
er than dissolve.
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more complicated than modeled here and thus actual smelt 
concentrations might look somewhat different, the results 
nevertheless indicate that in the extreme scaling case, mix-
ing of smelt with weak wash is diminished, which may 
imply a risk of smelt pooling.

CONCLUSIONS
The results presented in this paper strongly indicate that 
by the time an agitator scales to the degree that it needs to 
be taken down due to excessive vibration or the limitations 
of pump amps, it is likely no longer mixing sufficiently. 
What is harder to quantify is when mixing is no longer ad-
equate between the moderate case and extreme case. The 
next step in this research will be to better account for smelt-
water interaction, including smelt droplet cooling and dis-
solution, which will better define the conditions for which 
smelt droplets begin to reach the bottom of the tank and 
pool, rather than dissolve. Additional modeling work is also 
needed to better understand what limits the strength of the 
jet so that some more general guidelines on agitator scaling 
can be provided. Lastly, additional modeling work is need-
ed to identify the source of the oscillations seen in the mild 
and moderate scaling cases.  
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