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A B S T R A C T   

Turbulent reactive flows are ubiquitous in industrial processes. Decoupling transport effects from intrinsic 
chemical reactions requires an in-depth understanding of fluid flow physics; computational fluid dynamics (CFD) 
methods have been widely used for this purpose. Most CFD simulations of reactive liquid-phase flows, where the 
Schmidt numbers are large, rely on isotropic eddy viscosity models. However, the assumption of turbulent 
isotropy in most stirred reactors and wall-bounded flows is fundamentally incorrect and leads to erroneous re-
sults. Here, we apply a systematic CFD approach to simulate liquid-phase diffusive and convective transport 
phenomena that occur in a Taylor-Couette (TC) reactor. We resolve the turbulent flow by extracting statistics 
from large eddy simulation which is used to tune the anisotropic Reynolds stress model. In addition, we con-
ducted a series of turbulent precipitation and mixing studies in a TC reactor that was designed and fabricated in- 
house. The numerical model is successfully validated against a published torque correlation and it is found to 
accurately describe the advection and diffusion of chemical species. The validated model is then used to 
demonstrate key flow properties in the reactor. We define new local turbulent Peclét numbers to characterize the 
relative increase in diffusivity from turbulent advection and observe a 29% increase in the turbulent contribution 
as Reynolds number is doubled. Both reactive simulations and experiments show an increase in overall reaction 
rates with increased turbulence. The results from reactive simulations provide a deeper understanding of flow- 
kinetics interactions at turbulent conditions.   

1. Introduction 

The balance between transport phenomena and chemical reactions is 
typically characterized by the Damköhler number (Da), a ratio of the 
reaction rate to the transport rate. Depending on the system of interest, 
Damköhler numbers can either be defined based on advection or diffu-
sion timescales. For instance, in laminar flows, mixing is controlled by 
molecular diffusion, whereas in a turbulent flow, velocity fluctuations 
act as an additional diffusion term. In systems where Da ≫1 (that is, 
reaction rates are limited by fluid transport), the presence of turbulence 
will play a significant role in the local transport of chemical species, and 
this could affect reactant conversion and product selectivity [1]. Since 
turbulent flows are fundamental to many industrially relevant chemical 
processes, the analysis of the turbulence-kinetics interactions (TKI) [2] 

is necessary to decouple intrinsic chemical reaction rates from the effects 
of fluid transport. This can be achieved through the numerical modeling 
of flow and chemistry on a microscale level. 

Numerical modeling using computational fluid dynamics (CFD) al-
lows the turbulence and advection of chemical species to be resolved 
locally. However, it relies on experimental studies to ascertain the val-
idity of the underlying assumptions of the mathematical models. 
Therefore, a combined experimental and numerical approach is sought 
to describe and analyze the different phenomena influencing the TKI. 

For an experimental cell to be used in parallel with modeling, it 
would require well-defined boundaries and precise control of the 
chemical and flow properties. For these reasons, a Taylor-Couette (TC) 
reactor was designed and employed for this study. TC cells primarily 
consist of two coaxial cylinders where one or both cylinders are capable 
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of rotating. The behavior of fluids enclosed in the annulus of a TC cell 
has been a fascinating area of study for over three centuries and has 
played a critical role in the current understanding of various aspects of 
fluid dynamics [3–5]. The ability to independently vary flow regimes 
and shear forces make TC devices an attractive option in many processes 
including viscometry [6], precipitation [7–10], flocculation [11,12], 
polymerization [13,14], and crystal size control [15,16]. Previous 
experimental investigations in TC cells have included the use of flow 
visualization methods, particle image velocimetry (PIV), direct wall 
shear stress and torque measurements, and effluent analysis 
[7,10,17–19]. Results from these studies have led to the development of 
several empirical correlations over a wide range of Reynolds numbers 
(Re), including those that determine the scaling of the rotor torque 
[17,20,21]. These correlations make the validation of the flow within 
the TC cell possible without reliance on precise torque and velocity 
measurements. A significant finding is the occurrence of a transition that 
occurs at Re = 1.3 × 104 above which TC flow has properties compa-
rable to wall-bounded shear flows (such as pipe and duct flow) and 
follows a Prandtl-von Karman-type law [4,17,22]. These observations 
have led to the use of TC-based devices in extracting parameters relevant 
to turbulent pipe flows [9,23]. 

CFD models are typically categorized by the degree to which they 
resolve the turbulent time and length scales [24]. Among the most 
commonly applied are the Reynolds-averaged Navier-Stokes (RANS) 
models which simulate time-averaged solutions and use closure models 
to account for the influence of flow fluctuations on the diffusivity of 
momentum, mass, and energy. These models rely on empirical correla-
tions to estimate the magnitude of these diffusivities. Thus, they require 
a similarity between the flow from which they are validated and tuned 
to, and the attempted simulated flow. In contrast, direct numerical 
simulations (DNS) resolve all lengths and time scales of the flow [25]. 
While a DNS simulation would be ideal, computational resources limit 
such attempts in terms of domain size and simulated physical time. An 
increasingly applied method is the large eddy simulation (LES) which 
uses spatial low-pass filtering to resolve the larger energy-carrying tur-
bulent eddies while the smaller dissipative eddies are modeled with 
closure terms [24]. By only filtering out the smaller eddies, high- 
accuracy LES simulations can be achieved with significantly lower 
computational costs compared to DNS. Furthermore, results from LES 
simulations can be used to tune the empirical correlations of RANS 
simulations to resolve a longer time scale. This is the modeling approach 
taken in this study. The most commonly applied RANS models are the 
two-equation eddy viscosity models k-ε and k-ω. However, wall- 
bounded and rotational flows are often governed by highly anisotropic 
turbulence which these simpler RANS models do not resolve. For these 
complex flows, the Reynolds stress models (RSM) are more appropriate 
[26,27]. 

CFD methods have been widely used to simulate reactive flow. For 
example, Lysenko et al. [28] demonstrated the use of LES and DNS 
simulations to establish accurate modeling parameters for RANS in a 
methane-air diffusion flame. Similarly, several TKI studies have 
revolved around gaseous and liquid spray flows in flow regimes where 
the Schmidt number (Sc), a ratio of viscous momentum dissipation to 
molecular diffusivity, was close to unity [28,29]. However, for chemical 
species in aqueous flows where Sc ≫ 1, assuming a direct correlation 
between the turbulent momentum dissipation and turbulent dissipation 
of dissolved chemical species, could lead to erroneous results [30,31]. 

To determine the effect of transport on reaction kinetics, several 
models have been proposed. Specifically, the eddy dissipation concept 
model [32] is widely used in reactive flow simulations with Da ≫1 [29]. 
This model was extended by using a spectral relaxation method to better 
account for the spectrum of velocity fluctuations in turbulence [33]. 
Rizzotto et al. [2] showed the use of such a model in a RANS simulation 
to account for turbulent dissipation through a constant turbulent 
Schmidt number (Sct). This method relies on correlations between the 
limiting reaction rate and isotropic turbulent statistics – such as the 

turbulent kinetic energy (TKE) and the turbulent dissipation rate (TDR) 
– and thus does not capture more complex anisotropic turbulent trans-
port phenomena. Wang et al. [34] compared PIV measurements with 
different RANS models highlighting the significance of anisotropic tur-
bulence in a TC flow as well as the challenges inherent in modeling the 
Reynolds stresses accurately. The main challenge with using a RANS 
model to simulate transport in a turbulent flow is the modeling of the 
eddy diffusivity from the Reynolds stresses [35]. RANS models typically 
assume a correlation between the turbulent diffusive transport and the 
turbulent Reynolds stresses through a constant Sct. This assumption 
makes the transport highly reliant on the accurate modeling of the 
Reynolds stresses. Marchisio et al. [10] found that in their simulations of 
barium sulfate precipitation in a TC cell, an anisotropic RANS model 
yielded significantly better agreement with experimental results when 
compared to an isotropic RANS model. In the study [10], they applied a 
constant Sct multiplied by a term that includes both TKE and TDR. 
Another commonly used model is the generalized gradient diffusion 
hypothesis (GGDH) which has proven accurate in several experimental 
studies [36,37]. However, in a study by Silva and Jose [35], where the 
GGDH turbulent diffusion was compared to results obtained through 
DNS, it was shown that the model does not accurately capture the local 
variation in diffusivity. While the model does not accurately capture all 
the statistics of turbulence, it does account for the anisotropic behavior 
of turbulence in the eddy diffusivity. A summary of different turbulent 
Schmidt number correlations shows that on a macroscale, average 
Schmidt numbers vary between 0.1 and 2.1 [30]. 

In the literature, the majority of simulations of liquid-phase reactions 
rely on assumptions and non-validated tuning parameters of RANS 
models to account for the effects of turbulence. To the best of the au-
thors’ knowledge, these assumptions and parameters have not been 
thoroughly analyzed using scale resolving models such as LES or from 
PIV studies. In this study, a combined experimental and numerical 
investigation of the influence of turbulent transport in reactive processes 
is shown. The use of a validated RANS RSM model to simulate the effect 
of anisotropic turbulence in high Reynolds number liquid-phase reactive 
flows is demonstrated. 

In this paper, we present the following: 

• The design of a Taylor-Couette reactor. We designed and fabri-
cated a modular TC reactor. A series of non-reactive (mixing) and 
reactive (barium sulfate precipitation) experiments were conducted 
under turbulent flow conditions (Re up to 4.3 × 104) and at a tem-
perature T of 295 K. The reactor configuration had a radius ratio of 
0.82 and an aspect ratio of 15.33.  

• Validation of numerical models. We validated the numerical 
simulations in two steps. Firstly, the LES models are validated by 
performing grid size and time-step independence studies, and by 
comparing the converged torque values to outputs from a widely- 
cited empirical correlation [20]. Next, the RANS RSM model are 
tuned to match the results from LES in terms of simulated torque and 
Reynolds stresses. Secondly, the ability of the model to capture the 
advection and diffusion of dissolved chemical species is evaluated 
against data obtained from mixing studies.  

• A systematic method for validating RANS RSM models using 
LES. We apply LES modeling to track temporal concentration gra-
dients and turbulence statistics in non-reactive flow studies. The 
output is used to provide a basis for accurate RANS RSM modeling 
and to gain a deeper understanding of the underlying mechanisms 
governing the flow in a TC reactor and how it may influence chem-
ical reactions.  

• Flow visualizations at turbulent flow conditions. We apply the 
validated model to extract information on turbulent transport within 
the reactor. We demonstrate the different flow features present at the 
regions of experimental interest, the distribution and magnitude of 
wall shear stress at various angular velocities, the turbulent Reynolds 
stresses, and surface-normal pressures. 
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• The influence of turbulence on reactive liquid flows. We apply 
the validated and tuned models to understand the role of turbulence 
in a chemical reaction. We introduce turbulent Peclét numbers and 
relative Damköhler numbers to quantify the effects of turbulence on 
chemical kinetics. Insights gained from this step are then applied to 
understanding the precipitation kinetics of barium sulfate at turbu-
lent flow conditions. 

2. Experiments 

2.1. Taylor-Couette reactor 

We designed and constructed a modular TC reactor for turbulent 
flow studies. The modular design of the reactor allows for flexibility in 
surfaces and rotor sizes. The reactor and its components were housed in 
an aluminum frame; a computer-aided drawing (CAD) of the setup is 
shown in Fig. 1. A detailed description is included in the Supplementary 
file. 

In the current setup, the outer cylinder is stationary while the inner 
cylinder rotates during operation. The rotor was manufactured in-house 
from solid polytetrafluoroethylene (PTFE) blocks. Blind holes were 
drilled on both sides of the cylindrical blocks and were subsequently 
fitted with stainless steel bushings. At the top, a threaded bushing 
allowed for attachment to a steering shaft, while at the bottom, the rotor 
had a SS cone bushing that enabled a non-threaded attachment to the 
control stick – this minimized undesirable axial rotations. Stable tem-
peratures were achieved using a heat exchanger in contact with the 
outer surface of the stationary cylinder. Fluid temperatures were 
measured using a type K thermocouple inserted in the thermowell filled 
with silicone oil. Rotation in the reactor is provided by a commercial 
overhead stirrer (IKA® 200 control P4). Rotational speeds were auto-
matically logged in a LabView® based software. We evaluated the 
control precision of the stirrer and found it to be within ±1% of the 
desired set points. 

Reynolds number, Re, radius ratio η, and aspect ratio Γ are defined 

below for a TC setup with a stationary outer cylinder: 

Re =
ωr1(r2 − r1)

v
(1)  

η =
r1

r2
(2)  

Γ =
h

(r2 − r1)
(3)  

here, ω is the angular velocity of the rotating inner cylinder (1/s), r1 is 
the radius of the rotating inner cylinder (m), r2 is the inner radius of the 
stationary outer cylinder, v is the kinematic viscosity of the fluid (m2/s), 
and h is the rotor height (m). The key properties of the TC reactor are 
presented in Table 1. 

2.2. Materials 

All solutions used in this study were prepared gravimetrically. 
Na2SO4, BaCl2⋅2H2O, and KCl were supplied by Sigma Aldrich® with a 
stated mass-fraction purity of ≥ 99%. Salts were dissolved in ultrapure 
deionized water produced in-house through reverse osmosis (Millipore 
® Q-pod). The injected brine concentrations cin were 8.36 × 10-4 molal 
and 1.14 × 10-3 molal for barium chloride and sodium sulfate respec-
tively. A solution that quenched barium sulfate reactions was prepared 

Fig. 1. A CAD representation of the modular TC reactor with key parts labeled.  

Table 1 
Properties of the TC Reactor.  

Parameter Value 

r1 (m)  0.040 
r2 (m)  0.049 
h (m)  0.138 
η  0.82 
Г  15.33  
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using a technical grade diethylenetriamine pentamethylene phosphonic 
acid (DTMP, ~50%), also supplied by Sigma Aldrich®, and KCl. The 
mass ratio of DTPMP to KCl in the quenching solution was 1:4.4. The 
solution pH was then adjusted to between 8 and 9 using NaOH. 

2.3. Mixing studies 

The mixing properties of the TC reactor were investigated at three 
rotational velocities: 250, 500, and 1000 RPM. A schematic of the 
overall setup is included in the Supplementary file. At time t < 0 s, the 
reactor was filled with deionized water. At t ≥ 0 s, both deionized water 
and a sodium sulfate solution were co-injected at a 1:1 volumetric flow 
ratio. Four separate mixing experiments, as shown in Table 2, are re-
ported here. Reactor effluents were collected using an autosampler, and 
temporal changes in both sodium and sulfate concentrations were 
monitored using an ion chromatography (IC) technique. A solution 
containing 4.5 mM sodium carbonate and 1.4 mM bicarbonate was used 
as an eluent for anions whereas, for cations, a 3.0 mM methanesulfonic 
acid solution was used. 

2.4. BaSO4 formation studies 

To demonstrate the effects of turbulence on reaction rates, we con-
ducted two reactive studies in the TC reactor. The first study was carried 
out at 500 RPM and the second at 1000 RPM. Our experimental pro-
cedure mirrored that described in the previous section. At time t < 0 s, 
the reactor was filled with sodium sulfate; at t ≥ 0 s, both solutions 
(sodium sulfate and barium chloride) were co-injected at a 1:1 volu-
metric flow ratio. Studies were carried out at ambient conditions (T =
295 K) and a total volumetric flow rate of 8.3 mL/min. The formation of 
barium sulfate is described by 

BaCl2 +Na2SO4→BaSO4 + 2NaCl (4) 

Reactor effluents were collected in vials pre-filled with quenching 
solutions to prevent further reactions downstream of the reactor. These 
samples were then filtered using a 0.02 μm syringe filter and diluted in 
2% nitric acid. Barium concentrations were measured using an induc-
tively coupled plasma optical emission spectroscopy (ICP-OES) 

technique. Analytical standards were prepared in a 2% HNO3 matrix. 
Samples were run in triplicates; measurements typically had relative 
standard deviations (RSDs) below 1%. 

3. Numerical modeling 

The purpose of the models is to generate insights into the interaction 
between the flow properties, namely turbulence, and chemical kinetics. 
The numerical model solves the equations of momentum and mass 
conservation (flow) as well as transport of non-reactive chemical spe-
cies. As a result, the model predicts the influence of the flow in the 
reactor on the expected reaction kinetics. In Fig. 2, we illustrate the 
model validation process applied in this study. 

3.1. Empirical models for rotor torque 

The numerical model is first implemented and validated using the 
rotor torque (τ) as the key parameter. This validation is performed first 
for the LES model to determine the necessary setup of the computational 
mesh and boundary conditions. We use a correlation first presented by 
Wendt [20], and discussed in detail by Lathrop et al. [17], that models 
the non-dimensional torque G = τ/(hρν2) as 

G = 0.23
η2/3

(1 − η)7/4Re1.7 (5)  

which has yielded accurate results for 104 < Re < 105. 

3.2. Flow modeling 

CFD flow modeling is carried out using a finite volume method. The 
models are implemented in STAR–CCM + version 15.02. To model the 
turbulent flow computationally at both micro and macroscale, both an 
LES and an RSM model were implemented. Both models assume con-
stant density and molecular diffusivity and apply anisotropic modeling 
of eddy viscosity on the momentum equation. The dissolved species 
concentrations are tracked as passive scalars – the effect of their pres-
ence on the density and viscosity is neglected. 

The CFD models aim to extract statistics on the turbulence in terms of 
dissipation of momentum and mass. These outputs are used to determine 
the limiting reaction rate due to species transport. The LES model ex-
tracts turbulent statistics on a short timescale to tune turbulence pa-
rameters in the time-averaged RSM simulations accurately. The RSM 
model uses temporal averaging where each parameter, ϕ, is decomposed 
into a mean, ϕ, and a fluctuating component, ϕ’: 

u = u+ u’, p = p+ p’, c = c+ c’ (6) 

Table 2 
A summary of non-reactive mixing studies.  

Experiment Flow rate (mL/min) Re 

1  16.6 1.1 × 104 

2  8.3 2.2 × 104 

3  16.6 2.2 × 104 

4  16.6 4.3 × 104  

Fig. 2. Illustration of the modeling validation and tuning methodology.  
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where u is the velocity, p is the pressure, and c is the concentration of a 
chemical species in molality (mol/kgH2O). As the momentum conserva-
tion equation and transport equations are averaged, a turbulent kinetic 
energy stress term arises commonly referred to as the Reynolds stress 
tensor, R = u’u’. This yields the following Navier-Stokes and transport 
equations [38]: 

∂u
∂t

+∇⋅(u ⊗ u) = −
1
ρp+∇⋅(v∇u + R) (7)  

∇⋅u = 0 (8)  

∂c
∂t

+ u⋅∇c − ∇⋅(D∇c + u’c’) = rb + rw (9)  

where ρ is the density of water (998 kg/m3), ν is the molecular kinematic 
viscosity of water (8.82 × 10− 8 m2/s) [39], D is the molecular diffusivity 
of the dissolved sulfate (2.13 × 10− 9m/s) [39]. The Kronecker product 
⊗, the gradient operator ∇, and the time derivatives are numerically 
approximated using second-order finite volume schemes; rb is a source 
term from any bulk reaction and rw is a source term for a wall reaction. 

While the LES model uses spatial – rather than temporal – filtering, 
the finite grid spacing leads to unresolved eddies that require sub-grid 
scale (SGS) modeling. These have the same character as the Reynolds 
stresses and thus an SGS stress tensor, RSGS, is introduced based on the 
wall-adapting linear eddy-viscosity (WALE) model defined in Nicoud 
and Ducros [40]: 

RSGS = νSGS∇u (10)  

where νSGS is the modeled sub-grid scale viscosity 

νSGS = Δ2SW (11)  

here, Δ = min(κd,CwV1/3) is the spatial filter width based on the grid cell 
volume V and the distance to the nearest wall d. The constant Cw is set to 
0.325, κ is the von Karman constant. SW is the deformation parameter 
defined in Nicoud and Ducros [40]. 

Utilizing RSM modeling allows simulations to be run at a steady 
“frozen” flow for a longer time frame at a state of microscale quasi- 
equilibrium, that is, when turbulence statistics such as the Reynolds 
stresses have reached a constant mean value. The RSM model is a time- 
averaged model solving for the mean velocity and pressure and solves a 
transport equation for each component of the R(Rij): 

∂Rij

∂t
+u⋅∇Rij − ∇⋅

(

ν∇Rij +CS
kt

ε R⋅∇Rij

)

= Pij +
1
ρ ϕ −

2
3

εδij (12)  

where kt is the turbulent kinetic energy, Pij is the turbulent production 
tensor [41], Cs = 0.2 is a model constant [41], δij is Kronecker’s delta 
(1 for i = j, else 0) and ϕ is the pressure strain tensor. This study uses the 
elliptic blending model implementation of ϕ by Manceau and Hanjalić 
[26]. The turbulent dissipation rate ε is obtained by solving an addi-
tional transport equation: 

∂ε
∂t

+u⋅∇ε − ∇⋅
(

ν+ νt

σε

)

∇ε =
ε
k

(
C1ε

ρ
1
2

tr(P) − Cε2ε
)

(13)  

where σε, C1ε and Cε2 are model tuning parameters adjusted to align with 
results from the LES simulations. 

3.3. Reactive modeling 

To model the reactive studies described in Section 2.4, a bulk reac-
tion source term is included in the transport equation (Eq. (9)). This 
reaction term is modeled, consistent with previous studies in the liter-
ature [42,43], as a second-order reaction: 

rb = (Ω − 1)kαBa2+ αSO2−
4

(14)  

here αBa2+ and αSO4
2− are the activities of barium and sulfate, respec-

tively. The activities are the product of the concentration and the ac-
tivity coefficient, i.e., α = cγ, where γ is the activity coefficient. The 
activity coefficients are modeled using an implementation of the Pitzer 
model [44], k is the rate constant of the bulk precipitation, and Ω the 
saturation state is related to the equilibrium constant of BaSO4 KBaSO4 by 

Ω =
αBa2+ αSO4

2−

KBaSO4

(15) 

KBaSO4 is set to 10− 9.87 [45]; k is obtained from a second order 
polynomial: 

k = c1Ω2 + c2Ω (16)  

where the coefficients c1 = 1.03 × 10− 4 mol− 1s− 1kg and c2 = 8.22 ×

10− 3 mol− 1s− 1kg are fitted from batch experimental data, including 
those reported by Zhen-Wu et al. [46]. 

Additionally, to account for surface deposition, a wall reaction rate 
source term is implemented as a boundary flux in the transport equation 
(Eq. (9)). The reaction has the same second-order form as the bulk re-
action, except for the rate constant, kw, which was set to 1 m/s. 

rw = (Ω − 1)kwαBa2+ αSO4
2− (17)  

3.4. Turbulent mixing 

Dissolved species are transported in the fluid through both advection 
and diffusion. Microscale turbulent fluctuations lead to an additional 
eddy diffusion flux term j = u’c’ on the macroscale. Also, these turbulent 
fluctuations diffuse momentum through the Reynolds stresses. In 
anisotropic turbulence, this additional diffusive term is not uniform 
across the three Cartesian directions. 

The quantities u’u’ and u’c’ are statistically gathered from the LES 
simulations along with computation of kt and ε. The RSM simulations 
solve for the Reynolds stresses, whereas the j is approximated using 
GGDH [41]. GGDH assumes the j proportional to R through the turbu-
lent Schmidt number, Sct: 

j = u’c’ ≈
Cs

Sct

kt

ε R⋅∇c (18) 

To estimate the Sct for the RSM simulations, using the turbulent 
statistics from the LES simulations, the divergence of the left and right- 
hand side vectors is used to calculate a local quantity that is then 
averaged over the fluid volume to establish a global Sct: 

Sct ≈ Cs
kt

ε
∇⋅(R⋅∇c)

∇⋅j
(19) 

From Eq. (9), we define a cell-local Damköhler number based on the 
species fluxes and reaction rate: 

Da =
Reaction Rate
Transport Rate

=
rb

∇⋅(D∇c + j) − u⋅∇c
(20) 

To quantify the effect of turbulence, a normalized Damköhler num-
ber (D̂ai) is introduced as the ratio of the laminar Da (j = 0) to the local 
advective Da: 

D̂a =
Da

Dalaminar
=

(

1 +
∇⋅j

∇⋅(D∇c) − u⋅∇c

)− 1

(21) 

This definition gives a number that tends to 1 at laminar flow where 
the mixing is limited by diffusion and tends to 0 in a perfectly mixed flow 
where the reaction rate is the limiting term. 

To extract the diffusive effect of turbulence, the ratio of the turbulent 
diffusion flux to the molecular diffusivity can be defined as a turbulent 
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Peclét number: 

Pet =
Turbulent Advection
Molecular Diffusion

=
∇⋅j

∇⋅(D∇c)
(22) 

This turbulent Peclét number is a statistical consequence of Reynolds 
averaging. It describes the relative increase in mixing from turbulence. A 
more thorough derivation and explanation is included in the Supple-
mentary file. 

4. Results and discussions 

A computational domain corresponding to the TC reactor is used to 
model the experimental setup. The domain is discretized with a mesh 
grid using a normalized base size ̂δ = δ/(r2 − r1) and a wall-resolving set 
of 10 prism layers ensuring the wall y+ values below one. To further 
define the mesh, STAR-CCM+ controls of maximum 10◦ curvature per 
surface cell and a cell-to-cell maximum volume growth rate of 1.2 were 
set. Fig. 3 shows an illustration of the computational domain and the 
mesh grid at δ̂ = 0.05. The model is run using a second-order implicit 
time integration with time-steps ensuring a convective Courant number 

Fig. 3. Illustration of the computational domain clipping the fluid at Y = 0m. 
Mesh size δ̂ = 0.05. 

Fig. 4. Validation of the numerical model against an empirical correlation by Wendt [20] for torque scaling. (a) Mesh convergence studies performed for Reynolds 
numbers using the torque as a metric and Richardson extrapolation-based GCI as a measure of the numerical uncertainty at the finest grid. (b) Simulated torques for 
the finest mesh size compared to empirical results. 

Fig. 5. Effluent concentrations (cout) normalized by the inlet concentration (cin). (a) Experimental data at four different experimental conditions along with the 
analytical expression for a perfectly mixed CSTR (cout = cr). (b) A comparison of experimental data and LES simulations. 
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below one. A Cartesian coordinate system with Z-axis aligned with the 
rotation axis and the XZ-plane aligned with the inlets is used to describe 
the results in this section. Simulations are carried out at rotational rates 
of 250, 500, 750, and 1000 RPM, corresponding to Reynolds numbers of 
1.1 × 104, 2.1 × 104, 3.2 × 104, and 4.3 × 104, respectively. The inlets 
were defined numerically using fixed laminar uniform inlet velocities 
and concentrations and the outlets were defined by a uniform reference 
pressure. 

4.1. Validation of numerical models 

To ensure time step and grid size independence, convergence studies 
are carried out at each of the four Reynolds numbers. We investigated 
eight mesh sizes for every convergence study using Richardson extrap-
olation [47–49] to estimate the grid convergence index (GCI) as a 
measure of the uncertainty at the finest mesh size. The results of these 
studies are presented in Fig. 4a. The converged LES simulation results 
are validated against the empirical torques obtained from correlations 
by Wendt [20]. Fig. 4b shows the comparison of the torque measured on 
the vertical surface of the rotor (excluding the top and bottom) with the 
correlation. 

From the LES torque simulations, statistics on the Reynolds stresses, 
u’u’, are sampled over a duration of 10 revolutions after a steady-state 
has been reached. The obtained Reynolds stresses are compared to 
those produced from the RSM model, and the coefficients in Eq. (12) and 
(13) are adjusted to achieve better agreement. The torques obtained by 

the tuned RSM model are included in Fig. 4a and Fig. 4b and they show a 
good agreement. The adjusted parameters from Eq (12) and (13) are 
C1ε = 1.44, C2ε = 2.4, CS = 0.21. 

Mixing experiments (as described in Section 2.3) are then used to 
evaluate the ability of the numerical model to capture the transport of 
chemical species through the reactor. Effluent sulfate concentrations 
cout , normalized by the injected concentrations cin for the four studies are 
shown in Fig. 5a. The effluent concentrations are compared with the 
analytical expression for the temporal changes in concentration, cr, in a 
well-mixed continuous stirred-tank (CSTR) reactor: 

cr = 0.5cin
(
1 − e− t/tres

)
(23) 

Results shown in Fig. 5a suggest that at the four experimental con-
ditions investigated, the TC reactor can be modeled as well-mixed. Two 
sets of experimental data at Re = 2.1 × 104, but at two injection flow 
rates, are compared to simulation outputs (Fig. 5b). In both cases, the 
LES simulations predict a slightly lower degree of mixing compared to 
experimental data. 

The LES simulations with brine injection are carried out for 0.5tres 
(tres is the residence time of fluid in the reactor – a ratio of the reactor 
volume to the total volumetric flow rate) to ensure sufficient concen-
tration throughout the reactor for the gathering of statistics on the 
contribution from microscale fluctuation on macroscale mixing. These 
statistics on u, c and u’c’ are sampled over a duration of 10 revolutions 
and used to estimate the best fitting turbulent Schmidt number based on 
GGDH assumptions from Eq. (18). At Re = 2.1 × 104 this yields Sct =

0.66 whereas at Re = 4.3 × 104 the fit yields Sct = 0.97, in good 
agreement with similar studies [30,35]. Fig. 6 compares the fitted GGDH 
diffusive flux with the gathered LES fluxes at Re = 4.3 × 104. In general, 
the trends are captured by the model, but the local variations are not 
accurately described. This is similar to the observations by da Silva et al. 
[35]. 

4.2. Flow properties 

Based on the validated flow model, some general insights on the flow 
properties of the TC reactor are analyzed. The mean XZ-plane velocity 
profiles for the Re = 4.3 × 104 study are presented in Fig. 7a. As ex-
pected, the characteristic Taylor vortices are observed. Due to these 
vortices, the radial flow alternate in direction. This gives a significant 
advection between the rotor and stator. As these vortices also create 
almost closed flow structures, recirculation of fluid is high and thereby it 
can be expected that there is a significant jump in the concentrations of 
advected species between each closed vortex ring. The advective 
transport of the dissolved species in the radial direction is illustrated in 
Fig. 8c, where when comparing with the instantaneous velocity field in 
Fig. 8b and the mean velocity field in Fig. 8a, the significance of 
including the effect of the velocity field fluctuations can be seen as the 
smaller eddies transport fluid in directions varying from the mean flow 
direction. The instantaneous axial velocities, shown in Fig. 9, illustrate 
the significant increase in the magnitude and complexity of the sec-
ondary flow as the Reynolds number increases [50]. 

From analyzing the Reynolds stresses (see Fig. 7c and Fig. 7d), it is 
clear that the turbulence is anisotropic, emphasizing the importance of 
an RSM model for the correct resolution of the Reynolds stresses and 
consequently the turbulent advection. 

The primary fluid motion is a shear flow between the moving inner 
wall and the stationary outer wall. As the secondary flow (Taylor 
vortices) transports fluid to the outer wall, the fluid adjacent to the wall 
accelerated. This can be illustrated through the fluid kinetic energy (see 
Fig. 7b). This speedup and the slow-down where the fluid is transported 
to and from the wall affects the shear rates and pressure on the wall. The 
obtained pressure and shear forces for Re = 4.3 × 104 are shown in 
Fig. 10a and Fig. 10b. The rings stand out clearly as regions of higher 
shear stress and pressure where the radial velocity is positive outwards 

Fig. 6. Comparison of (a) time-averaged LES obtained and (b) RSM fitted 
turbulent diffusive flux at Re = 4.3 × 104. 
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towards the stator, oppositely as the velocity returns towards the rotor. 
The absolute shear stresses for each of the four Reynolds numbers are 
presented in Fig. 10b, as a function of the Z-coordinate. 

4.3. Turbulent reactive studies 

The formation of barium sulfate is tracked by monitoring concen-
trations of barium in the effluent, i.e., cout. We define reactant conversion 
X as 

Fig. 7. Flow visualizations of the XZ plane (LES at Re = 4.3 × 104). (a) mean velocities showing the Taylor vortices, (b) fluid kinetic energy, (c) Reynolds stress 
component in the radial direction, (d) Reynolds stress component in the tangential direction. 

Fig. 8. Fluid transport at Re = 4.3 × 104. (a) time-averaged velocity (b) and instantaneous velocity (c) radial component of the advective term of the transport 
equation (Eq. (9)). The positive (red) transport direction is towards the outer wall. 
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X =
cr − cout

cr
(24)  

here, cr previously defined in Eq. (23), is the expected concentration of 
barium in the reactor in the absence of chemical reactions. From Eq. 
(23), cr = 0.5cin as t → ∞. 

The instantaneous reactant conversions at the two turbulent flow 
conditions investigated in this study are shown in Fig. 11. Two key 
observations can be made from the figure. Firstly, in both systems, we 
observe a continuous depletion in reactant concentrations typical of 
chemically reactive systems. Secondly, a faster overall reaction rate is 
observed at Re = 4.3 × 104 as indicated by higher conversions. This 
increased reaction rate at a more turbulent regime suggests that the 
system of interest, even under turbulent conditions (at Re = 2.1 × 104), 
is transport-limited, that is, Da > 1. 

A previous study of the deposition of BaSO4 on surfaces – at Re and 
shear rates comparable to this study – reported a continuous increase at 
more turbulent flow conditions [51]. A similar finding has also been 
reported in other studies [52,53]. However, Yan et al. [8] reported no 
differences in barium sulfate precipitation kinetics as a function of 
Reynolds number. Increased turbulence in TC flows has also been 
associated with changes in crystal sizes and morphologies [7,8,16]. 
Here, we focus on the insights generated by the validated RSM model to 
explore potential interactions between fluid dynamics and reaction 
kinetics. 

The turbulent Peclét numbers for the two reactive studies are pre-
sented in Fig. 12a and Fig. 12b. The volumetric-averaged values are 
included in Table 3. Two key points can be made. Firstly, in both tur-
bulent flows, the diffusion of species due to turbulent advection is 
several orders of magnitude higher than the molecular diffusivity. It is 
also worth mentioning that there will remain a thin viscous sublayer 
near the surface in which the flow is laminar and therefore with a zero 
turbulent Peclét number. Secondly, doubling the Reynolds number 
yielded a 29% increase in the average turbulent Peclét number, from 
1.94 × 104 to 2.51 × 104. This demonstrates that in the bulk fluid, 
turbulent mixing is dominant. This implies a significant increase in the 
effective diffusivity of the reactants and thus a lower effective Dam-
köhler number. The calculated volumetric averages of the cell-local 
Damköhler numbers, from Eq. (20), show a reduction from 8.44 × 102 

to 1.29 × 102 (see Table 3). 
We implemented a simplified numerical reaction model to investi-

gate how the increase in turbulent transport affects global reaction rates. 
These simulations were carried out using the validated RSM model. In 
the simulations, we assumed a 1:1 volumetric ratio of each brine in the 
reactor in order to obtain a high saturation state(Ω = 1096) where Da ≫ 

1; in the current experimental setup, this occurs at t/tres > 4.3. These 
simulations were run for a short time, approximately 60 s of simulated 
physical time. Fig. 12c and Fig. 12d show the local saturation state 
distribution after these short simulations, normalized with the fluid- 
volume averaged saturation state measured at the same instance 
(1035 for Re = 2.1 × 104 and 1034 for the Re = 4.3 × 104). Reactant 
conversions obtained from these simulations show a 1.03% and 2.15% 
for Re = 2.1 × 104 and Re = 4.3 × 104, respectively. These results are in 
qualitative agreement with experimental data. 

The simple reaction models applied in this work do not compre-
hensively account for the complex interplay of the different mechanistic 
processes – including nucleation, growth, adhesion, deposition, and 
removal – involved in the overall formation of barium sulfate. As 
recently discussed by Wojtas et al. [54], there is a preponderance of 
kinetics models describing barium sulfate precipitation in the literature 
from studies covering a wide range of experimental conditions. A sys-
tematic review of these models is beyond the scope of this study. 

Nevertheless, the simulation results demonstrate the role of transport 
in a chemically reactive system. Furthermore, simulation results are 
consistent with several studies in the literature and follow the same 
trend as observed in experiments. Finally, the systematic approach 
described in this work presents a basis for further incorporation of more 
comprehensive reactive models. This will be the focus of our next study. 

While the simulations had only run for a short while, the significance 
of the vortex flow structure is evident. Within each vortex ring, the 
alternation of the direction of the radial component of the velocity will 
control how the bulk concentration is advected to the surface. Vortex 
pairs could also act as individual reactors by confining reactants within 
each ring for some time [55]. Further, the vortex patterns also give a 
distinct pattern to the surface forces (Fig. 10), which could affect near- 
surface reactions. Changes in the Ω/Ωb near the surface, due to micro-
scale fluctuations, suggest that near-surface reactions will be more 
strongly affected by turbulent transport compared to reactions in the 
bulk fluid. 

In summary, the distinct patterns of the TC flow are likely to play a 
significant role in reactions occurring in both the bulk and surface 
phases. In systems where Da ≫ 1, the influence of the flow properties 
discussed in this work will play a major role. Thus, quantifying the effect 
of transport parameters on measured reaction rates will provide clearer 
insights into flow-kinetic interactions. 

5. Conclusion 

We investigated the impacts of turbulence in reactive processes by 
combining experiments and numerical simulations. Experimental 

Fig. 9. LES axial velocity contours as a function of the tangential and axial direction in the center of the gap, r = 0.5(r1 + r2). (a) Re = 2.1 × 104, (b) Re = 4.3 × 104.  
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studies were conducted in a Taylor-Couette reactor at turbulent condi-
tions (Re ≥ 1.1 × 104). CFD simulations combining LES and RSM models 
were used to resolve local turbulence Reynolds stresses and turbulent 
transport at conditions comparable to experiments. We first validated 
our simulations against a previously published empirical torque model. 
Mixing studies were conducted in the TC cell at two flow rates and three 
rotational speeds. The ability of the model to capture the advection and 
diffusion of chemical species was successfully evaluated by comparing 
experimental data to simulation outputs. The validated models were 
then used to extract flow information relevant to turbulent transport 
across the cell. The direct applicability of the fitted parameters pre-
sented in this study will depend on the flow properties under 
consideration. 

Turbulent precipitation studies were carried out at two Reynolds 
numbers. Effluent analyses showed an increased overall reaction rate at 

the more turbulent condition, this suggests a transport-limited reactive 
system (Da ≫1). We coupled transport conditions to reaction kinetics to 
reveal the impacts of turbulence on the overall reaction rates. By 
defining the local turbulent Peclét number as the ratio of the turbulent 
advective fluxes to the molecular diffusive fluxes, the additional mixing 
from increased turbulence was quantified. 

These ratios were four orders of magnitude and confirm that in the 
bulk fluid, diffusive transport is governed by turbulence. A 29% increase 
of the fluid volume-average turbulent Peclét number was seen from Re 
= 2.1 × 104 to Re = 4.3 × 104. This significantly decreased the Dam-
köhler number. These analyses align with an experimentally measured 
increase in conversion of approximately 5%. Reactive simulation out-
puts suggest that the measured increase in reaction rates could be 
attributed to the increase in turbulent mixing. 

Our study presents a systematic framework for the decoupling of 

Fig. 10. Surface forces extracted from LES simulations. (a) Mean surface normal pressure on the stator at Re = 2.1 £ 104. (b) Mean shear stress magnitude on the 
stator at Re = 2.1 £ 104. (c) Azimuthally and time-averaged shear stress as a function of the axial position at four different Reynolds numbers. 
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transport phenomena from overall reaction rates in a turbulent system. 
We demonstrated the effect of anisotropic turbulence in liquid-phase 
flows using a validated RANS RSM model. We have shown that fluid 
transport properties play an important role in the net reaction kinetics 
and it is likely an explanation for some of the discrepancies in the 
literature. Future studies will explore the complex mechanistic processes 
involved in the nucleation, growth, and surface reactions of sparingly 
soluble salts such as barium sulfate. 
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Fig. 11. Reactant conversions at two turbulent conditions. (a) Early experimental period highlighted. (b) Full experimental spectrum.  

Fig. 12. Turbulent Peclét numbers from LES simulations. (a) Re = 2.1 × 104, (b) Re = 4.3 × 104. Saturation state normalized with reactor average saturation state 
(Ωb) for RSM reactive BaSO4 simulations at (c) Re = 2.1 × 104, (d) Re = 4.3 × 104. The reactor average Ω used for normalizing were 1035 for the Re = 2.1 × 104 

study and 1034 for the Re = 4.3 × 104 study. 

Table 3 
Data from experiments and simulations at two Reynolds numbers. Pet was 
calculated as the volumetric average of the definition from Eq.(22), and Da is 
calculated as the volumetric average of the definition from Eq. (20). Average 
reactant conversion Xave reported at t/tres > 4.3.    

Experiments Simulations Simulations 

Study Re Xave  Pet  Da  

1 2.1 × 104 0.92 1.94 × 104 8.44 × 102 

2 4.3 × 104 0.97 2.51 × 104 1.29 × 102 

Ratio (2:1) 2.0 1.05 1.29 0.15  
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Chim. Sci. l’univers, Sci. La Terre. 315 (1992) 1467–1473. 

[23] D. Eskin, J. Ratulowski, K. Akbarzadeh, S. Pan, Modelling asphaltene deposition in 
turbulent pipeline flows, Can. J. Chem. Eng. 89 (3) (2011) 421–441, https://doi. 
org/10.1002/cjce:20507. 

[24] D.C. Wilcox, Turbulence Modelling for CFD, DCW industries, La Canada, CA, 1993. 
[25] G.K. Batchelor, Small-scale variation of convected quantities like temperature in 

turbulent fluid Part 1. General discussion and the case of small conductivity, 
J. Fluid Mech. 5 (1959) 113–133, https://doi.org/10.1017/S002211205900009X. 
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