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Abstract 

Computational fluid dynamics (CFD) is applied to the study of a laboratory-scale 

counter-current reactor for continuous hydrothermal flow synthesis of nanomaterials. 

Hydrodynamic and thermodynamic variables including velocity and temperature are 

modelled using ANSYS Fluent package. The tracer concentration profile is also 

simulated via solving the species equations in order to investigate the mixing behaviour. 

The predicted temperatures in the counter-current reactor are found to be in good 

agreement with experimental data. Based on the simulation, improved designs of the 

reactor were proposed using shorter insertion lengths of the supercritical water tube. 

CFD simulation of the new designs is compared with the original reactor design, 

demonstrating improved mixing and heat transfer performance. 

 

Keywords: Counter-Current Reactor, CFD, Supercritical Water, Hydrothermal 

Synthesis of nanomaterials 

1. Introduction 

Hydrothermal synthesis using supercritical water (ScW) has been used to produce 

numerous metal oxide particles in the nano-size range which have a wide range of 

applications (Lester et al., 2006). The process is relatively green since it uses water 

rather than organic solvents, and can be operated in either batch or continuous mode. 

Continuous hydrothermal flow synthesis (CHFS) method has advantages over batch 

mode operation (Adschiri et al., 1992). For example, it is easy to control, can avoid 

batch to batch variation in product quality (Boldrin et al., 2006).  

In a CHFS process, reactions between ScW and metal salt take place in an impinging jet 

type reactor in milliseconds, followed by fast cooling. The detailed mechanism of 

particle formation is still not fully understood, but it was considered to involve 

processes of nucleation, growth, and aggregation etc. As a result, the reactor design to 

optimise the mixing, temperature and velocity profiles are critical. It is obviously 

difficult and costly to achieve the goal of optimum reactor design through experiments. 

Computational fluid dynamics (CFD) modelling offers a useful tool to evaluate different 

designs and has been used to study ScW oxidation processes (Narayanana et al., 2008). 

The application of CFD modelling to ScW hydrothermal synthesis for production of 

nanoparticles is still limited. Lester et al. (2006) used CFD technique to simulate the 

velocity distributions of a nozzle-type reactor. However, the simulation was based on a 

pseudo ScW reactor with ScW and metal salts being represented by methanol and 

sucrose. Aimable et al. (2009) numerically simulated the mixing zone of a reactor and 
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obtained the distributions of temperature and velocity but little details of the simulation 

were provided. Kawasaki et al. (2010) studied a T-shaped mixer for continuous ScW 

hydrothermal synthesis of TiO2 nanoparticles. Various experimental conditions were 

simulated using CFD to understand the mixing behaviour. Sierra-Pallares et al. (2011) 

attempted to quantify the mixing efficiency in ScW hydrothermal reactors. The 

predicted results were not verified against temperature measurement. Demoisson et al. 

(2011) simulated a reactor operating in ScW conditions for nanomaterial formation, but 

only one temperature point experimentally available was compared with simulations.  

In this paper, CFD models were developed for a counter-current reactor of a CHFS 

system. The flow and temperature profiles and mixing behaviour in the reactor were 

simulated using the ANSYS Fluent package (2010). The predicted temperature profiles 

were compared with experimental data and the mixing between ScW and precursor 

streams was analysed in details. The effect of insertion lengths of the ScW pipe on the 

reactor performance was also investigated. 

2. Mathematical formulation 

2.1. Hydrodynamic and concentration models 

The continuity, momentum and enthalpy equations based on Reynolds averaging of the 

instantaneous equations are numerically solved to obtain hydrodynamic and heat 

transfer profiles. The widely used two-equation k - ε model (Jones and Launder, 1972) 

was used in this study. 

Simulation of mixing was carried out by introducing a secondary liquid as an inert 

tracer into the reactor. The tracer concentration distributions were obtained from the 

solution of the Reynolds-averaged species transport equations: 
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where the effective diffusion coefficient of species i, 
ttieffi Sc/,  , ρ is the mixture 

density, ui the mixture velocity, Yi the species mass fraction, Γi the species diffusion 

coefficient, μt the turbulent eddy viscosity, and Sct the turbulent Schmidt number. 

2.2. Thermodynamic properties 

In this study, the water properties obtained from National Institute of Standard and 

Technology (2009) using the IAPWS (International Association for the Properties of 

Water and Steam) formulation 1995 for the thermodynamic properties of ordinary water 

substance (Wagner and Pruß, 2002) were piece-wise 

curve-fitted in polynomial forms over several 

temperature ranges at 24.1 MPa, and used in the 

simulations. For diffusion coefficients in the mixing 

study, the correlation from Liu and Macedo (1995) 

was used to estimate the water diffusivity. 

3. Experimental study 

The flow diagram of the CHFS counter-current 

reactor system (Tighe et al., 2012) is shown in Fig. 1. 

Pump P1 was used to pump deionised water to 24.1 

MPa at a flowrate of 20 ml/min through a heater 

where the water was heated to 400
o
C. An aqueous 

precursor and an aqueous base were pumped using 
Fig. 1 Flow diagram of a 

counter-current CHFS system. 
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Pumps P2 and P3, respectively, at 24.1 MPa with a flowrate of 10 ml/min from each 

pump. The fluids from P2 and P3 were then mixed before entering the reactor to mix 

with the stream from P1, and react to generate nanoparticles. The product slurry flew 

upwards and left the reactor to enter a heat exchanger for rapid cooling for the 

collection of final product. In order to concentrate on flow, heat transfer and mixing 

studies of the reactor, the precursor stream was mimicked by deionised water during 

experiments and CFD modelling. 

The reactor shown in Fig. 2(a) consists of an inner tube inserting into an outer tube with 

different insertion lengths (L = 45.5, 52.5, 72.5, 85.5 and 103 mm). Superheated water 

flows downwards in the inner tube to mix with the precursor stream (Fig. 2(a)). Product 

stream flows upwards to leave the reactor. Fine J-type thermocouples were inserted into 

the reactor at different locations along the z direction. The tips of the thermocouples 

were floated in the bulk flow with the estimated tip position variations being within 2 

mm across the tube cross-section. 

4. Simulation of the reactor 

4.1. Hydrodynamic and concentration models 

Figure 2(b) shows the computational domain 

which includes an inner tube with different 

insertion lengths, an outer tube, an annual 

channel and an exit arm. The three-

dimensional domain was discretised with a 

typical size of 6.26  10
5
 cells. The inlet 

conditions were taken from experiments with 

the inlet temperatures of ScW and precursor 

being 400 and 20
o
C, respectively. For the 

mixing study, a tracer with the same operating 

conditions and properties as the ScW was 

introduced into the ScW stream. Flowrates of 

the tracer and ScW were 1% and 99%, 

respectively, of the total flowrate. 

4.2. Solution method 

The mass, momentum, energy and species equations, and the k and ε equations are 

solved using ANSYS Fluent (2010). The species equations were solved with the steady-

state flow and temperature profiles as the initial values. SIMPLE pressure-velocity 

coupling was 

used with a 

second order 

upwind scheme 

being employed 

for the 

discretisation of 

the convection 

terms. The heat 

loss from the 

reactor was 

neglected due 

to the reactor 

insulation. The 

Fig. 3 Velocity vectors (a), contours of temperature (b) and tracer (c) in 

the ScW exit region of a counter-current reactor (L=103mm). 

(a) (b) (c) 

z1 
z2 

z3 

z4 

Fig. 2 (a) Diagram of a counter-current 

reactor; (b) Computational domain. 

(a) (b) 
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mass inlet flow mode was used to calculate the inlet velocities. A turbulent intensity of 

10% was used for the inlet conditions for turbulence. The outlet flow mode was used for 

exit boundaries. Independence tests for mesh size and convergence were carried out to 

eliminate the effect on simulated results. 

5. Results and discussion 

5.1. Fluid flow and temperature profiles 

Figure 3 shows the contours of velocity, 

temperature and tracer mass fraction 

distributions around the ScW exit region for case 

of L = 103 mm. The ScW stream penetrated into 

the up-coming precursor stream to form a 

recirculation zone surrounding the ScW jet, 

which enhanced the mixing between the two 

streams. The mixture then flew upwards through 

the annual channel to the product exit. Contour 

of tracer mass fraction at 15s after starting the 

transient simulation with four monitoring points 

(z = 103, 104, 106 and 109 mm) is shown in Fig. 3(c). The mixing times, defined as the 

time required for the local tracer mass fraction to reach 99% of its fully mixed mass 

fraction, at the four monitoring points were estimated from the predicted tracer mass 

fractions with values of 1.1, 2.7, 3.5 and 8.5s, respectively. 

The predicted and measured temperatures along the z direction are compared in Fig. 4. 

As the locations of the thermocouple tips can vary within 2 mm on the x-y plane in the 

annual section, the predicted results at y = 1.7 and 2.9 mm were plotted in Fig. 4. It can 

be seen that the predicted results are in good agreement with measurements, in 

particular for the simulated temperatures along the z direction at y = 1.7 mm, which 

indicated that the thermocouple tips closed to the outer wall of the inner tube. 

5.2. Improvement of reactor design 

With a shorter insertion length, L, the hump 

near the ScW exit (Fig. 4) is smaller and the 

ScW exit temperature (Te) becomes higher. By 

monitoring the change of tracer mass fraction 

at point z4 (Fig. 3), the mixing times of L = 

103, 85.5, 72.5, 52.5, 45.5 mm are 8.5, 4.5, 

3.5, 3.3, 3.2s, respectively, indicating that 

mixing is more intensive with a insertion 

length L ≤ 72.5 mm. The reason can be 
attributed to that the ScW lost more heat to the 

product stream in the annual channel with 

longer L.  the ScW temperatures at the exit 

point (z1) for cases of L ≤ 72.5 mm are much 
higher than ones for L > 72.5 mm (Fig. 5 (a)). 

Accordingly, much lower Te for cases of L > 

72.5 mm led to much lower exit velocity (Ve) 

(Fig. 5(b)), hence resulting in weaker mixing. 

Therefore, this study shows that the insertion 

length for this reactor configuration should not 

be longer than 72.5 mm. 

Fig. 5 Temperatures (a) and 

velocities (b) at the ScW exit point 

(z1) under five insertion lengths ( 

– Te;  – Te/Tscw,in*100);  – Ve;  

– Ve/Vscw,in*100). 

(b) 

(a) 

Fig. 4 Predicted (dotted line – 

y=1.7mm; solid line – y=2.9mm) 

and measured () temperatures 

along z direction (L=103mm). 
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6. Concluding remarks 

In this study, CFD was used to model the flow and temperature profiles in a counter-

current reactor for synthesis of nanomaterials under ScW conditions. The predicted 

temperatures were compared with experimental data with good agreement. The mixing 

study indicates that strong mixing happened in the shear layer between the recirculation 

zone and the ScW jet near its exit. The insertion length of the ScW tube was shortened 

and studied by CFD simulations with improved reactor performance being achieved. 
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