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Abstract: Computational fluid dynamic (CFD) has been increasingly exploited for the design and
optimization of (bio)chemical processes. Validation is a crucial part of any modeling application.
In CFD, when validation is done, complex and expensive techniques are normally employed. The aim
of this study was to test the capability of the CFD model to represent a residence time distribution
(RTD) test in a temporal and spatial fashion inside a reactor. The RTD tests were carried out in a
tubular reactor operated in continuous mode, with and without the presence of artificial biomass.
Two hydraulic retention times of 7.2 and 13 h and superficial velocities 0.65, 0.6, 1.3, and 1.1 m h−1

were evaluated. As a tracer, an aqueous solution of methylene blue was used. The CFD model
was implemented in ANSYS Fluent, and to solve the equations system, the SIMPLE scheme and
second-order discretization methods were selected. The proposed CFD model that represents the
reactor was able to predict the spatial and temporal distribution of the tracer injected in the reactor.
The main disagreements between the simulations and the experimental results were observed,
especially in the first 50 min of the RTD, caused by the different error sources, associated to the manual
execution of the triplicates, as well as some channeling or tracer by-pass that cannot be predicted
by the CFD model. The CFD model performed better as the time of the experiment elapsed for all
the sampling ports. A validation methodology based on an RTD by sampling at different reactor
positions can be employed as a simple way to validate CFD models.

Keywords: CFD modeling; hydrodynamics; RTD; tracer; validation

1. Introduction

Computational fluid dynamic (CFD) has been increasingly employed to describe all the phenomena
that takes place in a (bio)chemical reactor. The three-dimensional (3D) representation of a reactor
involves the mathematical representation of mass, heat, and momentum phenomena that results in a
set of coupled non-linear partial differential equations (PDEs) to be solved. CFD can be considered
as a combination of conservation laws, advanced mathematics, and computer science. In process
engineering, CFD is being currently used mainly to reactor design optimization and to improve
the mixing.

Model validations against experimental data are key steps in the process of making a model
reliable so that it can be used in a full-scale application [1]. One of the main challenges facing CFD

Computation 2020, 8, 0094; doi:10.3390/computation8040094 www.mdpi.com/journal/computation

http://www.mdpi.com/journal/computation
http://www.mdpi.com
https://orcid.org/0000-0003-4408-2813
https://orcid.org/0000-0003-0973-8901
http://www.mdpi.com/2079-3197/8/4/0094?type=check_update&version=1
http://dx.doi.org/10.3390/computation8040094
http://www.mdpi.com/journal/computation


Computation 2020, 8, 0094 2 of 10

modeling validation is to count with a proper, affordable, and reliable procedure. In (bio)chemical
process, methods such as radioactive particle tracking (RPT) [2], particle image velocimetry (PIV) by
fluorescence [3,4], particle image velocimetry by laser [5,6], online photometry of the reactor media [7],
and electrical resistance tomography [8–10] have been reported. The PIV methodologies, which are
one of the most used, yield online results in 2D from the reactor/domain. PIV allows us to measure the
velocity field at a specific plane in time; thus, the CFD model is validated by comparing the steady-state
contour velocities, obtained from the simulations, with the time-averaged experimental results for
the same plane. Similar validation methodology is used for the electrical resistance tomography,
but, in this case, 3D fields are compared. In the case of the online photometry, an online probe measures
the opacity between of the fluid between a light emitter and a sensor, obtaining a mixing curve.
This curve is compared with a mixing curve obtained from the CFD model. In most of these techniques,
complex lab-schemes, expensive reagents, sensors, and transparent vessels are required, making these
techniques impractical to be implemented in real applications.

Residence time distribution (RTD) test is a well-known methodology employed to characterize
experimentally the fluid dynamic of a reactor. In the context of water and wastewater treatment, it is
estimated that around 4% of the validation of CFD model is carried out by RTD collection data [11,12].
More specifically, it has been used for solid–liquid phase reactor, such as trickle bed reactor [13]
or fluidized reactor [14], as well as wastewater treatment systems, such as pond lagoon [15] and activated
sludge systems [16]. In all cases, the CFD simulation of the outlet tracer concentration is compared to
the experimental measured values [17]. In the traditional analysis, the theory of this methodology
is based on the probability distribution of the concentration of the tracer quantified in the outlet.
By analyzing the shape of the distribution curve, some non-ideal mixing, such as dead zones and
bypassing paths, may be inferred. RTD is a simple, economic, and reliable experimental methodology
that does not require transparent vessels. Nevertheless, the outcome of the experiment does not yield
insight into the flow field and its spatial distribution. Having information regarding the flow field
inside the reactor gives us insight about the properties of the mixing of a reactor. The aim of the study
is to evaluate the capability of a CFD model in reproducing the spatial and temporal trajectory of a
tracer in an RTD test in a tubular reactor with and without a packed bed (mimicking the presence of
artificial biomass). This type of reactor and its variations are widely used in wastewater treatment,
namely UASB, filter and plug-flow reactors in anaerobic digestion, biotrickling, and packed bed reactor
in aerobic and nitrification/denitrification process.

2. Materials and Methods

2.1. Reactor Setup and Experimental Design

A Plexiglas tubular reactor with a total height of 0.961 m and a thickness of 3 mm, with a working
volume of 2.02 L of water, was used (Figure 1a). The reactor has a cylindrical region in the lower part,
with a ratio HL/DL (height and diameter) equivalent to 19.8 (HL = 0.8697 m), and its upper part consists
of a widening of the cylinder with a proportion Hu/Du equal to 0.67 (Hu = 0.07 m). A recirculation line
is placed at the upper part of the cylinder, at the same height of the effluent outlet (SP4). The liquid
that is recirculated is mixed with the feed flow, and the resulting mixture inlets to the reactor though
the side ports place at its bottom (side ports diameter 0.008 m). The recirculation has a length of
approximately 1.2 m, providing inside a volume of 0.06 L. The reactor was designed with 4 sampling
points along the height (at 0.26, 0.46, 0.67, and 0.915 m, named SP1, SP2, SP3 and SP4, respectively),
in which a needle was adapted to take the samples from the center of the reactor. Spheres with a
diameter of 6 mm were fixed in the lower part of the reactor, to provide a homogeneous mixing of the
fluid, and to create channels that help to enhance the homogeneous mixing of the fluid. The spheres
fill an approximate height of 5 × 10−2 m and remain fixed based on their weight.
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included the artificial A-biomass represented by solid silicone with an equivalent diameter of 2.5 × 
10−3 m, which is described in the Section 2.1. The Gidaspow drag model was used to describe the 
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Figure 1. (a) Computational fluid meshing and sampling (monitoring point). SP1, SP2 and SP3 are
the sampling ports along the reactor height (at 0.26, 0.46, and 0.67 m, respectively), while SP4 is the
effluent port (at 0.92 m height). The recirculation port is placed opposite to SP4. SP = sampling point;
(b) Zoom on the sampling point.

In order to emulate the presence of biomass (called A-biomass hereafter), solid rectangular silicone
pieces (density 1030 kg m−3 and De Brouckere mean diameter of 2.5 × 10−3 m). Initially, the pieces were
set as a particle bed of 0.15 m height, behaving like a fluidized bed within the same designated region.
The reactor was operated in continuous mode, using distilled water, under the conditions described
in Table 1, where the recirculation and inlet from the general boundary conditions correspond to the
outlet velocity at the recirculation port (in the upper part of the reactor), and the inlet velocity at the
side ports (in the bottom part of the reactor), respectively.

Once three residence times had elapsed, it was considered that the flow inside the reactor was in
steady state, and 3 mL of tracer was injected into the feed flow. The tracer injection procedure took
around 10 s. Methylene blue, at a concentration of 1000 ppm, was used as tracer. After the injection,
samples were taken, manually, at different time intervals during 200 min. During the first 50 min,
the samples were taken every 5 min, to be able to capture the first appearance of the tracer. Afterwards,
the samples were taken only every 20 min. The samples consisted of 1 mL from each sampling point
(including the effluent port, named SP4). The concentration of the tracer was determined indirectly by
spectrophotometry with SPECORD 200 Plus Analytik Jena, at a wavelength of 664 nm. Three identical
experimental runs at the same operating conditions were carried out in order to consider the results as
triplicates. The tracer concentration data was used for the validation of the CFD model.
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Table 1. Operating conditions of the tubular reactor.

Without A-Biomass With A-Biomass

General operational conditions

Hydraulic retention time (h) 7.2 7.2 13
vs (m h−1) 0.65 1.3 0.65 1.3 0.6 1.1

Feed flow (mL s−1) 0.078 0.078 0.078 0.078 0.043 0.043
Recirculation flow (mL s−1) 0.197 0.471 0.197 0.471 0.211 0.422

Transport lag time of the
recirculation loop (h) 0.085 0.036 0.085 0.036 0.079 0.040

General boundary conditions

Inlet (m s−1) 0.0027 0.0055 0.0027 0.0055 0.0025 0.0046
Recirculation (m s−1) 0.0039 0.0094 0.0039 0.0094 0.0042 0.0084

Boundary conditions during tracer injection

Inlet (m s−1) 0.00572 0.0085 0.00572 0.0085 0.0055 0.0086
Molar fraction 2.930 × 10−5 1.989 × 10−5 1.831 × 10−6 4.972 × 10−6 1.904 × 10−6 5.514 × 10−6

2.2. CFD Modeling

2.2.1. Geometry and Mesh

The development of the CFD model was carried out with Ansys version R18.2. Design Modeler and
Ansys Meshing were used to implement the reactor geometry and mesh, respectively. The simulations
were set in Ansys Fluent. The computer used has an intel core i5 (Quad-core/1600 MHz–3400 MHz)
processor of 8th generation, 8 GB of RAM, and Windows 10 operating system.

The domain geometry for the reactor consists of a cylinder with a volume of 2.02 L, in which a bed
of spheres is incorporated as an additional body in the construction of the geometry, the dimensions
were specified in Section 2.1. This geometry was divided into 11 bodies, in order to implement a
hybrid mesh. The spheres of bed are placed within the 2.02 L. However, the geometrical domain for
the CFD model was split into smaller bodies (one of those, the bed of spheres) to gain control over
the mesh. The multi-zone method was used for the definition of the mesh mapping, deploying zones
with hexahedral elements in bodies that exhibit cylindrical structures (Figure 1a). For areas with more
complex geometries, tetrahedral elements were implemented, such as for the case of the samplers
(Figure 1b), wherein a fine mesh was used to obtain a better numerical resolution. In addition,
inflation layers were defined next to all the walls, using the smooth transition option, with a maximum
number of 5 layers. Mesh refinement was applied to the input and output regions of the domain.
Face sizing was used with the proximity and curvature function with local min size 3.5 × 10−4 m.
The mesh independence evaluation was carried out by using meshes with a number of nodes 140,542,
190,922, and 254,807, defined as coarse, medium, and fine meshes, respectively. Refinements were
carried out in the inputs and outputs of the domain, obtaining a minimum and maximum mesh size of
2 × 10−5 m and 9 × 10−1 m for the coarse mesh. For the medium mesh, element sizes were obtained in
the minimum and maximum mesh of 3.38 × 10−4 m and 6.75 × 10−2 m, and for the fine mesh values of
3.11 × 10−4 m and 6.23 × 10−2 m were obtained.

2.2.2. The Model

In this study, the multiphase Eulerian model was set to represent the fluid and the A-biomass
inside the acrylic reactor. Additionally, the transport species model was enabled to simulate the
tracer diffusion. Thus, the continuous phase (phase 1) incorporated two fluids, the water and the
tracer with a density of 1757 kg m−3; while the dispersed phase (phase 2), which was set as a granular
phase, included the artificial A-biomass represented by solid silicone with an equivalent diameter of
2.5 × 10−3 m, which is described in the Section 2.1. The Gidaspow drag model was used to describe the
phases’ interaction, and a laminar model was set to describe the flow regime (Re = 6.93). This drag
model is used to better represent the fluidized behavior of the dispersed phase.
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2.2.3. Solver, Boundary, and Initial Conditions

For the initial condition, it was considered that the reactor was filled with water, and the velocities
(in all the directions) were set at 0 m s−1. That condition was patched to include the A-biomass. For that,
first, a cylindrical region was delimited in the upper part of the fixed bed described in Section 2.1,
with a height of 1.5 × 10−1 m and a diameter of 4 × 10−2 m. Then, a patch was applied in that region,
to add phase 2 with a volumetric fraction 1 as a representation of A-biomass, behaving like a fluidized
bed in the designated region [18]. The boundary conditions were set as velocity inlet for each inlet in
the lower part of the reactor. In the upper part of the reactor, a pressure output and a recirculation
outlet flow were defined (experimentally, it is done through a peristaltic pump). See details in Table 1.
For all the other walls, a no-slip condition was set.

The problem was solved in transient state, with acceleration of gravity of −9.81 m s−2. To solve
the system of equations, the SIMPLE scheme was selected, using a cell-based least squares method
for the gradient and a second-order scheme for pressure. To solve the momentum equation and
the transient formulation, the second order upwind and the second order implicit schemes were
selected, respectively.

In the first instance, the simulations were solved with only water to obtain the velocity fields
within the studied domain. For that, 400 time-steps of 30 s were run. The convergence criteria for each
time-step that were considered are as follows: the residual values below 1 × 10−3 and the stability of the
velocities inside the reactor. Subsequently, the Courant number was verified, presenting allowed values
lower than 40, considering an implicit formulation based on pressure that is unconditionally stable.
Afterwards, the tracer was injected as described in Section 2.2.4.

2.2.4. Tracer Injection Simulation

Methylene blue was added as a new fluid to the Fluent library (Ansys R18.2), with a molecular
weight of 319.85 g mol−1 and a mass diffusion constant of 4 × 10−10 m2 s−1 [19]. The injection of the
tracer was simulated taken into consideration how much mass of methylene blue was added to the
feed flow and for how long the injection was done. In the simulations carried out with A-biomass,
the absorption of a tracer fraction was considered; this consideration was established through the
experimental work carried out. In the case of simulations with A-biomass a certain fraction of the
tracer was assumed to be absorbed onto the A-biomass, which is related to contact time between them.
Using as initial condition the results of the simulation with only water, a 10 s pulse was simulated
with a total volume of 3 mL of tracer. The mole fraction of the tracer incorporated in the feed stream is
described in Table 1. To simulate the 10 s injection, a 0.1 s time-step is first used (100 times steps were run,
with 50 iterations each time-step). Then, the tracer mole fraction was changed to 0, and the boundary
conditions were re-established at the values defined in Section 2.2.3, to simulate the diffusion of the
tracer within the reactor. For this simulation stage, a time-step size of 30 s was selected (60 times-steps
were run, with 50 iterations each time-step).

2.2.5. Tracer Recirculation

The tracer profile diffusing through the recirculation nozzle was determined. This allowed us to
establish the tracer fraction that is recirculated to the lower part of the studied system. Time ranges
of 10 min were established in the simulations, in order to make a change in the boundary conditions
at the bottom of the system, such that an adequate representation the recirculation process can
be implemented.

2.3. Validation Technique

A monitoring technique that detects the presence of the tracer within a volume of 1 mL in the
samplers and the effluent (Figure 1) was used. This method yields a certain concentration in the
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volume average so that it can be compared with the experimental results. After this, the in silico and
experimental results were evaluated by their coefficient of determination.

3. Results and Discussion

3.1. Mesh Quality and Independence

Assessing the quality of the mesh is a relevant factor to ensure the precision and stability of
the numerical resolution. Therefore, some indicators were conceptualized to measure the quality of
the mesh, such as aspect ratio, skewness, and orthogonal quality [20]. In the case of orthogonal quality,
a mesh with a good quality would have an average close to 1. The skewness indicator indicates
that cells that have inclined cuts can decrease accuracy and destabilize the iterative process. For this
indicator, the average should be close to 0 for a good quality mesh. The aspect ratio is a measure of
cellular stretching [21,22]. These indicators are reported for the three constructed meshes.

In this case, average values of 2.853 were obtained for the aspect ratio and orthogonal quality
values of 0.78 with the coarse mesh (Table 2). Regarding the aspect ratio, relatively high maximums
were obtained, being 86.512, 60.897, and 55.129 metric elements. These values could indicate that
some convergence problems during the resolution of the CFD model took place. The number of
elements was verified, presenting a percentage less than 0.0003% with the number of elements that
the coarse mesh. The skewness presented reasonably good averages, indicating a good mesh quality.
In this case, elements with values higher than 0.87 were identified, which could affect the convergence
of the model, but the number of elements that presented this value is a percentage lower than 0.08%,
which is an insignificant value in comparison with the total elements that are contained in the mesh.
In fact, there were no divergence problems during the resolution of the model.

Table 2. Mesh quality analysis results.

Mesh Coarse Medium Fine

Aspect ratio

Min 1.1584 1.1585 1.0685
Max 86.5120 60.8970 55.1290

Average 2.8538 2.7202 2.5419

Skewness

Min 1.75 × 10−5 4.20 × 10−6 3.27 × 10−6

Max 0.9760 0.9768 0.9157
Average 0.2183 0.2118 0.2038

Orthogonal Quality

Min 0.0239 0.0231 0.0842
Max 0.9953 0.9956 0.9988

Average 0.7803 0.7867 0.7986

For the mesh independence study, three meshes were evaluated, in which an improvement of
the quality is evidenced as the refinement increases (Figure 2). The simulations were performed with
the different meshes, in which the variability of the simulations with respect to the monitored tracer
concentration was evaluated. The simulation showed a similar trend regarding the tracer behavior.

The coarse mesh was selected with respect to the low variability, compared to the fine mesh.
A variability between 0.95% and 2.33% between them was observed (Figure 2). This result indicates
that the gradual increase in the proportion of nodes does not lead to an increase variability in the
numerical resolution due to the presence of new nodes. This allows us to use a mesh that has a smaller
number of elements and can offer similar results to those obtained with a fine mesh; thus, we can
minimize the computational expense that the resolution of the model can present. Finally, these low
percentages of variability allow us to infer the independence of the mesh.
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3.2. Model Validation

The experimental results (triplicates) from the tracer injection procedure at the different operational
conditions, described in Table 1, in terms of tracer concentration at the four port samples were used to
validate the CFD model.

Figure 3 shows the comparison between the simulated tracer trajectory with the experimental
measured values for the experiments with and without A-biomass. Due to the variability of the
experimental results, an average of the experimental values was not determined, since it is not
representative of the sample. The experimental values presented a high variability, due to the physical
diffusion phenomena that occur inside, as well as the error associated to the manual injection and
sampling included in the experimental procedure. The presence of the A-biomass led to a reduction of
the experimental values variability, which can be related to the effect of the presence of the A-biomass
bed in reducing the channeling inside the reactor.

In regard to the performance of the model, the determination coefficient (R2) values were close to
0.6 and 0.55 for the validation with the reactor without and with A-biomass, respectively. It is worth
noting that the R2 index, which is commonly used, must be carefully interpreted, particularly where
the results present a high variability; however, it offers an assessment of the agreement of the general
trend of the results [17,23].

The implemented CFD model can describe, reasonably well, the profile of the tracer concentration
in the reactor with and without A-biomass. The main disagreement between the simulation and the
experimental values occurred in the first 30 min of the experiment for all the evaluated conditions and
for each sampling port. This can be explained by the heterogeneous way that occurs the dispersion
within the reactor, which indicates that this is an important factor that governs the characteristics of its
hydrodynamics. Other connected phenomena and some chaotic behavior might be taking place that
are not well represented by the model in this zone of the reactor. Deviation in the vicinity of the inlet of
the bioreactor between the experimental results and CFD simulation was also found in a biotrickling
reactor validated with the liquid mass flux data [23,24]. However, the simulations predict quite well
the behavior of the tracer concentration as the experiments move forward. Therefore, this CFD model
is effective in exploring the mixing patterns present within the tubular reactor.

The flow pattern of the reactor presents as a dispersed pattern, with variable mixing levels
throughout the reactor; in the lower part of this, it presents a behavior of a plug flow; and in the column
and upper part of the reactor, it presents a behavior of a mixed flow reactor. The large number of
channels in the reactor column stands out, evidencing the absence of a plug flow in the model.
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3.3. Model Simulation

Figure 4 shows the prediction of the spatial distribution of the tracer inside the tubular reactor,
without and with A-biomass, at several operation times, across a longitudinal plane placed in the
center of the reactor. These planes allow us to appreciate the diffusion of the tracer in the interval of
time that it takes to spread the tracer from the lower part of the reactor toward the outlet. The planes
0 and 0.17 min represent the injection of the tracer in the different operating conditions. For the reactor
without A-biomass, the tracer takes a longer time to leave the reactor. This can be explained by the
fact that the presence of the biomass increases the tracer dispersion through the reactor due to the
reduction in the cross-sectional area. Some channeling is observed in the lower part of the reactor,
whereas a more distributed tracer concentration is attained in the reactor with A-biomass due to the
distribution produced by the biomass.
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Figure 4. Spatial and temporal distribution of the tracer concentration in the tubular reactor with and
without A-biomass at a vs of 0.65 m h−1 and at an HRT of 7.2 h.

4. Conclusions

The proposed CFD model that represents the tubular reactor was able to predict the spatial and
temporal distribution of the tracer injected in the reactor. The main deviations between the simulation
were observed at the beginning of the tracer injection procedure, regardless of the sampling port where
the sample was taken. As the experiments elapsed, the simulation results agreed with experimental
values for all the evaluated operating conditions. Therefore, a validation methodology based on an
RTD procedure that takes into account a spatial along with the temporal distribution, which, to the
best to our knowledge, has not been done before, can be useful to validate CFD models.
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