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Abstract 

The continuous oscillatory baffled reactor (OBR) is a particular type of tubular reactor, which has 

drawn increasing attention over the past few decades due to the benefits it provides in terms of 

intensification of heat and mass transfer, as well as equipment compactness compared with stirred tank 

reactors. This process enhancement is principally due to the interaction of the oscillatory flow with 

internal baffles and the consequent generation of transverse flows and eddies. Continuous OBRs are 

already applied in several industrial sectors, however these reactors present certain limitations in terms 

of operating conditions and the range of possible applications. This review presents and discusses the 

current knowledge on continuous OBR design guidelines, performance characterization and 

applications. It aims to guide the selection of the most appropriate continuous OBR design, as well as 

the characterization criteria, according to the type of application and final process objective. 
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1 Introduction 

The development of green and sustainable technologies is of prime importance for the chemical and 

process industries due to increasing social and environmental concerns. One of the major challenges 

that these industries face currently is the creation of innovative processes for the production of 

commodity and intermediate products that allow high product quality with specified properties and that 

are less polluting, as well as more efficient in terms of energy, raw materials and water management. 

Continuous processing offers many benefits over batch operation, as it minimizes waste (Schaber 

et al., 2011), reduces energy consumption (Yoshida et al., 2011), improves mass and heat transfer 

(Singh and Rizvi, 1994; Yu et al., 2012), as well as chemical conversion (Hartman et al., 2011). 

Nowadays, new technologies and devices, such as static in-line mixers, packed bed reactors, 

microreactors, heat exchange reactors and oscillatory baffled reactors, have been developed to achieve 

enhanced transport phenomena with compact designs.  

The continuous oscillatory baffled reactor (OBR) is a particular type of tubular reactor, typically 

equipped with periodically located sharp-edged orifice baffles along its length, as is shown in Figure 

1. This type of reactor operates with a periodic oscillatory (or pulsed) flow that is superimposed upon 

a net flow. The pulsed flow interacts with the baffles, thereby causing effective transverse flows and 

enhanced transport. It should be pointed out that many of the pioneering studies on oscillatory baffled 

reactors were performed in batch mode (i.e. with no net flow) and a considerable amount of knowledge 

from these studies is still employed today for the design of continuous OBRs. This is generally 

considered a valid approach, as the oscillatory flow typically dominates the net flow rate in continuous 

OBRs. 

 

 
Figure 1: Schematic diagram of a continuous oscillatory baffled reactor with single orifice plate baffles.  
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Due to the interaction of fluid pulsations with the baffles and the resulting recirculating flow, 

mixing performance in continuous OBRs is independent of the net flow, thereby providing good 

mixing quality and long residence times (comparable with those obtained in batch reactors) in a 

compact geometry with a greatly reduced length-to-diameter ratio tube (Harvey et al., 2003). Due to 

these characteristics, COBRs have proven to intensify processes globally, leading to operations that 

use less energy and produce less waste compared with processes in conventional STRs (Phan et al., 

2011a; Reis et al., 2006b). 

The literature on continuous OBRs is relatively abundant and studies range from general 

performance characterization, such as residence time distributions (RTD) and mixing, to examples of 

process intensification for specific applications. There are also a number of review articles that focus 

on some specific aspects, such as applications of oscillatory flow (Ni et al., 2003b), biofuel production 

(Masngut et al., 2010), biological processes (Abbott et al., 2013), mesoscale OBRs (McDonough et al., 

2015), crystallization (McGlone et al., 2015) and synthetic chemistry applications (Bianchi et al., 

2020). 

Whilst the current literature on OBRs appears diverse and varied, it is also apparent that most 

studies employ the single orifice baffle geometry; other internals such as helical baffles, multi-orifice 

plates and the disc-and-doughnut baffle, which have proven efficiency for multiphase flow in 

extraction columns, have been studied very little. As a result, most of the recommended design 

guidelines of OBRs have been obtained for the single orifice baffle geometry, however these design 

rules may not be strictly applicable to all other geometries. Moreover, the existing design guidelines 

for OBRs have been established for a specific range of operating or flow conditions, a specific 

performance characteristic (typically RTD) and most often for single phase flow. However, these 

design rules appear to be used in the literature without limits for any system, whether it be single or 

multiphase flow, and for any operating and flow conditions. Indeed, it is far from certain that the current 

design rules are well adapted to all situations. 

This article reviews the current literature in terms of design guidelines for continuous OBR 

geometries, flow performance characterisation and applications. It aims to identify the limitations of 

the current recommended operating conditions and design guidelines, and to outline the importance of 

the choice of performance characterisation method with respect to the process objective. 

 

2 Flow and reactor design 
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The overall mechanism of eddy formation in OBRs has been described widely in the literature (Brunold 

et al., 1989; Gough et al., 1997; Mazubert et al., 2016a; McDonough et al., 2015; Ni et al., 2002). 

Typical flow patterns formed in continuous OBRs with orifice baffles are shown in Figure 2. During 

the flow acceleration phase (Figure 2(a)), eddies are formed downstream of the baffles and flow 

separation starts. As the oscillatory velocity increases (Figure 2(b)), the eddies start to fill the baffle 

cavity. At the flow reversal phase (Figure 2(c)), the eddies are detached from the baffle, leaving a free 

vortex that is engulfed by the bulk flow and that interacts with other vortices that were generated in 

previous cycles (Figure 2(d)), before restarting the cycle again. 

 

 

Figure 2: Eddy formation in a continuous oscillatory baffled reactor (McDonough et al., 2015). 

 

2.1 OBR geometry 

2.1.1 Baffle designs 
Sharp-edged single orifice baffles (as shown in Figure 1) are the most common baffle design used in 

OBR studies, however there are a number of other baffle geometries that have been studied in the 

literature. These geometries are shown in Table 1 and include periodic smooth constrictions, multi-

orifice plates, disc-and-doughnuts, various helical forms (e.g., round wires, sharp-edged and alternating 

ribbon, double ribbons, combined with a central rod), central disc baffles, and wire wool. 

Periodic smooth constrictions are based on the single orifice plate baffle design. The main 

difference is that the orifices in smooth constriction baffles are made by constricting the reactor tube 

(usually made with glass). This design has been shown to provide effective radial mixing, which is 

equivalent to that achieved with single orifice baffles (Reis et al. (2005)). However, compared with 
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orifice plate baffles, these smooth constrictions offer low and uniform shear rates, which may be 

advantageous for applications such as shear-sensitive bioprocesses (Reis et al., 2006a, 2006b).  

Multi-orifice plates used in OBRs are the same as those in the pulsed and reciprocating multi-

orifice plate columns for liquid-liquid extraction applications. This geometry is attractive due to the 

ease of manufacture. The influence of the number of orifices on the performance of the OBR was 

studied by González-Juárez et al. (2017). A higher number of orifices was found to reduce dead zones 

and enhance radial mixing due to the generation of a larger number of smaller eddies. The 

hydrodynamic performance of multi-orifice plate OBRs is related to the effective tube diameter, 𝐷𝐷𝑒𝑒 =

�𝐷𝐷 𝑛𝑛⁄  (Smith (1999)). As 𝐷𝐷𝑒𝑒  decreases, the RTD curves become narrower with a more uniform 

concentration in the cross-section, thus improving the plug flow behaviour and the mixing quality. 

Ahmed et al. (2018b) studied mass transfer in air-water systems for different OBR geometries and 

concluded that the multi-orifice design is recommended over the smooth constrictions, single orifice 

and helical baffle geometries for gas-liquid mass transfer applications. Indeed, the multi-orifice 

geometry offers better control of the size and shape of the bubbles, offering a wider bubbly flow region 

and higher volumetric mass transfer coefficient than the other geometries. One type of multi-orifice 

baffle is the tri-orifice design with central rod. This geometry has proven to be successful for the 

transesterification of vegetable oils, which is a mass transfer limited liquid-liquid reaction that benefits 

from the generation of small droplets due to the high shear rates produced at the orifices (Soufi et al., 

2017). 

In the disc-and-doughnut geometry, the disc placed between the orifice plates acts as a barrier to 

the dominant axial flow in the centre of the tube, and thereby generates additional radial flow. This 

design has also been used in liquid-liquid extraction columns for a long time (Al-Khani et al., 1988; 

Angelov et al., 1990; Laulan, 1980; Leroy, 1991; Martin, 1987) and also for emulsion polymerization 

(Lobry et al., 2013). Mazubert et al. (2016a, 2016b) studied the hydrodynamics generated by the disc-

and-doughnut geometry in continuous OBRs and found that this geometry shows the highest values of 

shear strain rates, pressure drop and energy dissipation when compared with other geometries, such as 

the single orifice plate and diverse helical ribbon designs. However, interestingly, this design does not 

perform significantly better than the single orifice baffle in terms of radial mixing or axial dispersion. 

Sarkar et al. (2020) studied different variations of the disc-and- doughnut geometry: regular, slanted, 

concave, convex and inflexed. Based in their results, the convex disc-and-doughnut geometry provides 

low axial mixing; it is hence recommended for applications that do not require high shear rate or 

turbulence energy dissipation but require low axial dispersion. The inflexed geometry, on the other 
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hand, appears more suitable for the intensification of high shear applications, such as liquid-liquid 

extraction with systems having high interfacial tension and gas-liquid reactions or mass transfer 

operations. 

A number of variations of helical baffles have been proposed in the literature, including simple 

coiled wires, as well as single, double and alternating helical blades/ribbons to create sharp-edged 

helical baffles. Studies have shown that this geometry enables plug flow behaviour to be achieved over 

a wider range of oscillatory conditions than other geometries (McDonough et al., 2017; Phan and 

Harvey, 2011a, 2010). This has been explained by the additional swirl motion that is created from the 

interactions of the oscillatory flow and the helical baffle (Phan and Harvey, 2011a, 2010), which have  

been identified by different authors using numerical simulation (Mazubert et al., 2016a, 2016b; Solano 

et al., 2012) and PIV experiments (McDonough et al., 2017). However, the different helical baffles can 

provide differences in performance for varying applications due to their specific characteristics. For 

example, the sharp-edged helical baffle has been shown to provide better yield in the production of 

biodiesel than the coiled wire helical baffle due to the sharp edge, which generates higher shear rates 

and enables more effective liquid-liquid phase mixing (Phan et al., 2011b). Indeed, the helical baffle 

and alternating helical baffle provide improved plug flow behaviour compared with that generated by 

the single orifice and the disc-and-doughnut baffles, whilst maintaining significant levels of shear strain 

rate, which is important for droplet breakup (Mazubert et al., 2016a, 2016b). However, the vortical 

flow is less apparent in the alternating helical blade and the streamlines originating from the inlet 

appear to occupy less volume in the reactor (Mazubert et al., 2016a), suggesting that flow turnover 

close to the walls may be less efficient and potentially could hinder heat transfer at the wall.  

Central baffles are periodically spaced discs mounted on an axial rod. This geometry offers higher 

shear rates and pressure drop compared with the single orifice baffle and smooth constriction 

geometries (Ahmed et al., 2018a), making it useful for homogeneous liquid-liquid reactions (Rasdi et 

al., 2013; Yussof et al., 2018). The wire wool and sharp-edge helical blade with central rod geometries 

have also demonstrated enhanced dispersion in liquid-liquid operations (Phan et al., 2012, 2011b). The 

helical coil baffle with central rod, also studied by McDonough et al. (2019a), has been shown to create 

a dual counter-rotating vortex regime due to the additional swirl velocity generated by the helical coils. 
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Table 1: Different baffled geometries used in OBRs. 

Baffled design Reference 
Single baffle orifice (plate) 

  

(Mazubert et al., 2015; Ni et al., 
2003a, 1998a; Stonestreet and 

Van Der Veeken, 1999) 

Single orifice (smooth constrictions) 

 

(Ahmed et al., 2018b; Eze et al., 
2013; Phan and Harvey, 2010; 

Reis et al., 2005) 

Multi-orifice plate baffle 

 

(Ahmed et al., 2018b; González-
Juárez et al., 2017; Lucas et al., 
2016; Palma and Giudici, 2003; 

Smith and Mackley, 2006) 

Tri-orifice baffle with central rod 

 

(Muñoz-Cámara et al., 2020; 
Nogueira et al., 2013; Soufi et al., 

2017) 

Disc-and-doughnut baffle 

 

(Amokrane et al., 2014; Lobry et 
al., 2013; Mazubert et al., 2016a, 

2016b; Sarkar et al., 2020) 

Helical baffle 

 

(Ahmed et al., 2018b; 
McDonough et al., 2019b, 2017; 
Phan and Harvey, 2011a, 2010) 
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Sharp-edged helical baffle  

 

(Mazubert et al., 2016a, 2016b; 
Phan et al., 2011b; Phan and 

Harvey, 2011b) 

Double helical baffle 

 

(Mazubert et al., 2016a, 2016b) 

Alternating helical ribbon 

 

(Mazubert et al., 2016a, 2016b) 

Central baffle 

 

(Ahmed et al., 2018a; 
McDonough et al., 2019b; Phan et 

al., 2011a; Phan and Harvey, 
2010) 

Wire wool 

 

(Phan et al., 2012) 

Sharp-edged helical with central rod 

 

(Abdul et al., 2020; Phan et al., 
2012, 2011b) 

Helical baffle with central rod 

 

(Horie et al., 2018; McDonough 
et al., 2019a) 
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2.1.2 Geometrical parameters 
The geometrical parameters of the OBR influence the shape and size of the generated vortices, 

which require adequate space to fully expand and spread in each baffle cavity. The main geometrical 

parameters in the design of oscillatory baffled reactors are based on the single orifice baffle design; 

these are illustrated in Table 1 and summarized in Table 2. Table 2 gives the ranges of the most 

commonly used values, which were defined by the cited studies and are now often used as established 

design guidelines. However, it must be pointed out that these ranges of values were defined for specific 

conditions used in the original studies and have never been optimised for a wide range of operating 

conditions or applications. 

 

Table 2: Summary of main geometrical parameters in oscillatory baffled reactor design. 

Parameter Symbol Most commonly used 
values in the literature References 

OBR diameter 𝐷𝐷 15 – 150 mm ---- 
Baffle spacing 𝑙𝑙𝑏𝑏 1.5𝐷𝐷 (Brunold et al., 1989) 
Baffle orifice 
diameter 

𝑑𝑑 0.45 – 0.5𝐷𝐷 (Ni et al., 1998a) 

Dimensionless free 
baffle area 

𝛼𝛼 0.20 – 0.25 (Ni et al., 1998a) 

Baffle thickness 𝛿𝛿 2 – 3 mm (Ni et al., 1998a) 
Oscillation amplitude 𝑥𝑥𝑜𝑜 0.25 – 0.6𝑙𝑙𝑏𝑏 (Gough et al., 1997; 

Soufi et al., 2017) 
 

Tube diameter 

The selection of the diameter of the OBR depends on the process application and the desired 

production rate. In the literature, the conventional OBR diameter is typically in the range 15 mm to 

150 mm. However, it should be pointed out that continuous flow OBRs offer the advantage of being 

able to ensure industrial-scale production rates even with 15 mm diameter reactors (Mazubert et al., 

2015, 2014). In recent years, the interest in miniaturized OBRs (referred to as meso-OBRs in the 

literature) has increased. These miniaturized reactors have diameters of ≤ 5 mm and they are typically 

operated with lower flow rates than the larger-scale OBRs, allowing reduced material inventory and 

wastes. The smaller scale of meso-OBRs are particularly beneficial for rapid process screening and 

process development as explained by McDonough et al. (2015). Recent works show the feasibility of 

the use of meso-OBRs for multiphase reactions, such as solid-liquid carboxylic acid esterification (Eze 
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et al., 2017), hexanoic acid esterification (Eze et al., 2013), as well as gas-liquid ozonation of water 

and wastewater (Lucas et al., 2016). 

Baffle spacing, lb 

The baffle spacing, 𝑙𝑙𝑏𝑏, is a key design parameter since it influences the shape and length of eddies 

within each baffle cavity (Brunold et al., 1989; Knott and Mackley, 1980). An adequate value of 𝑙𝑙𝑏𝑏 

ensures the full extension of the vortex generated behind the baffles, thus assuring its presence over 

the entire cavity between baffles. If the spacing between baffles is too small, the vortices hit adjacent 

baffles before their full expansion, resulting in a constrained growth of eddies, a reduction of radial 

motion, as well as undesirable axial dispersion in continuous operations (Brunold et al., 1989; Palma 

and Giudici, 2003). On the other hand, if the space between baffles is too large, the vortices do not 

occupy the full volume of the inter-baffle region. A spacing of 𝑙𝑙𝑏𝑏 = 1.5𝐷𝐷 has been the most commonly 

used value in the literature following the single-phase flow visualization results reported by Brunold 

et al. (1989). Similar values have subsequently been recommended by others: Ni and Gao (1996b) 

reported an optimal value of 𝑙𝑙𝑏𝑏 = 1.8𝐷𝐷 for their mass transfer studies, and Ni et al. (1998a) 

recommended a value of 𝑙𝑙𝑏𝑏 = 2𝐷𝐷 in order to minimize mixing time in an batch OBR with oscillating 

baffles. It should be mentioned that the effectiveness of eddy generation and mixing is also inherently 

related to oscillation amplitude so the relationship between baffle spacing and oscillation amplitude is 

equally an important parameter. 

For fixed values of inter-baffle spacing and orifice diameter, 𝑙𝑙𝑏𝑏 and 𝑑𝑑, the combination of amplitude 

and frequency controls the generation and the propagation of eddies, producing different fluid flow 

behaviour. Gough et al. (1997) studied the effect of the oscillation frequency and amplitude on flow 

patterns by qualitative flow visualization in polymerisation suspensions in a OBR. It is important to 

point out that in this study, fluid oscillation was achieved by oscillating the baffles and not the fluid. 

From this study, the oscillation amplitude required to achieve similar flow patterns to those present in 

a conventional OBR (where the flow is pulsed) is approximately equal to 0.25𝑙𝑙𝑏𝑏  . Even though, the 

operation of the reactor used in the study by Gough et al. (1997) is rather different from that of both 

batch and continuous flow OBRs, this relationship between baffle spacing and oscillation amplitude 

has been widely used for OBR design since that time. However, Reis et al. (2005) investigated a range 

of ratios of oscillation amplitude to baffle spacing (ranging from 0.015 to 0.85) and it was shown that 

flow separation could be achieved with amplitudes even lower than 0.25𝑙𝑙𝑏𝑏. More recently in an 

optimisation study carried out by Soufi et al. (2017), an amplitude of 0.6𝑙𝑙𝑏𝑏, which is significantly 

greater than the general design guideline, was found to give an optimal yield for a mass transfer limited 
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liquid-liquid reaction. Indeed, these authors put forth that the ‘optimal’ design of OBRs most certainly 

depends on the type of application (single phase, gas-liquid, solid-liquid etc.), the process objective 

and the performance parameter that is being optimized. 

 

Dimensionless free baffle area, α 

The dimensionless free baffle area, defined as 𝛼𝛼 = �𝑑𝑑 𝐷𝐷� �
2

, impacts the size of eddies generated in 

each inter-baffle cavity. Small values of 𝑑𝑑 will constrict the fluid more as it flows through the baffles, 

resulting in larger vortices, an increase in the pressure drop and improved mixing conditions. The 

dimensionless free baffle area is typically chosen in the range of 0.2–0.4 (Phan and Harvey, 2011b), 

but many studies have established a standardized orifice diameter of 𝑑𝑑 = 0.5𝐷𝐷 (Abbott et al., 2014a; 

Mackley and Stonestreet, 1995; Navarro-Fuentes et al., 2019a; Ni et al., 1998a; Stonestreet and Harvey, 

2002), which corresponds to a dimensionless free baffle area of 𝛼𝛼 = 0.25. Depending on if the flow is 

single or multiphase, different values of 𝛼𝛼 may be preferred. Ni et al. (1998a) studied the effect of 

dimensionless free baffle area for single phase flow on the mixing time in OBRs using either oscillating 

baffles or pulsed flow, over a range of 0.11 < 𝛼𝛼 < 0.51. In both configurations (oscillating baffles and 

pulsed flow), the shortest mixing times were achieved for values of 𝛼𝛼 = 0.20 − 0.22. In liquid-solid 

flows, Ejim et al. (2017) stated that the dimensionless free baffle area plays a dominant role in 

controlling solid back-mixing and batch suspension of particles in meso-OBRs. In their study, a value 

of 𝛼𝛼 = 0.12 was found to minimize axial dispersion, resulting in a longer mean residence time of the 

solids. 

 

Baffle thickness and size 

Other geometrical parameters, such as the baffle thickness and the gap between the baffle and the 

wall, also impact mixing performance. Ni et al. (1998a) demonstrated the influence of baffle thickness 

on the mixing efficiency and showed that vortex generation is favoured by thinner baffles. The authors 

observed an increase in mixing time as the baffle gets thicker, explained by the fact that if the time 

required for the vortices to cling to the baffle edge is too long prior to shedding (due to the increase in 

the baffle thickness), the vortex shape may only be slightly distorted, subsequently affecting the mixing 

time. Nevertheless, vortex deformation due to the baffle thickness has not been corroborated visually. 

However, thin baffles have less mechanical stability and it is expected that there would be a minimum 
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baffle thickness to diameter ratio �𝛿𝛿 𝐷𝐷� � that ensures the stability of baffles and vortex generation. The 

influence of the gap between the outer edge of the baffles and the tube wall on flow patterns was studied 

using particle image velocimetry (PIV) (Ni et al., 2004a). An increased gap results in the generation of 

smaller eddies and an increase in the axial velocity component compared with the radial component, 

thereby decreasing the mixing performance. It is interesting to note that this study does not specify if 

the area of the tube cross-section open to flow was kept constant as the gap increased (i.e., by reducing 

the orifice diameter) or not. Indeed, this is expected to be an important parameter, as for equal cross-

sectional area open to the flow, it may be expected that higher axial dispersion would be obtained in 

geometries with no (or little) gap at the wall. Further work on this aspect is still to be addressed. 

 

2.1.3 Further considerations 
After close scrutiny of the current literature, the geometrical parameters and design guidelines, 

which are widely used and recommended for the operation of OBRs, have been – for the most part – 

based on ‘one-off’ studies using the single orifice baffle OBR and focussing on a particular application 

and performance parameter or qualitative observations. It is clear that for some designs, e.g., helical 

baffles and wire meshes, these established guidelines may not be applicable or may require 

modifications. Indeed, considering the variations in baffle geometries, additional design parameters 

may need to be considered, such as the disc diameter and the distance between the disc and the orifice 

for the disc-and-doughnut baffles, the effective tube diameter for the multi-orifice plate baffle, and the 

pitch, i.e., the axial distance of one complete helix turn (instead of the baffle spacing), for helical 

baffles.  

 

2.2 Characteristic dimensionless groups 

The key dimensionless groups that characterize the fluid mechanics and flow conditions in OBRs and 

pulsed flows are the net flow Reynolds number (𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛), oscillatory Reynolds number (𝑅𝑅𝑅𝑅𝑜𝑜), Strouhal 

number (𝑆𝑆𝑆𝑆), the velocity ratio (𝜓𝜓) and the Womersley number (Wo). These are presented in Table 3 

and described briefly below. 

 

2.2.1 Reynolds numbers 
The net flow Reynolds number controls the flow pattern of the fluids (from laminar to turbulent flow), 

and is defined as the ratio of inertial forces to viscous forces: 
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𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 =
𝜌𝜌𝑢𝑢𝑛𝑛𝑛𝑛𝑛𝑛𝐷𝐷
𝜇𝜇  (1) 

 

The oscillatory Reynolds number describes the intensity of mixing in the reactor. In 𝑅𝑅𝑅𝑅𝑜𝑜, the 

characteristic velocity is the maximum oscillatory velocity: 

𝑅𝑅𝑅𝑅𝑜𝑜 =
2𝜋𝜋𝜋𝜋𝑥𝑥𝑜𝑜𝜌𝜌𝜌𝜌

𝜇𝜇  (2) 

Stonestreet and Van Der Veeken (1999) identified three different flow regimes: for 𝑅𝑅𝑅𝑅𝑜𝑜 < 250 the 

flow is essentially two-dimensional and axi-symmetric with low mixing intensity; for 𝑅𝑅𝑅𝑅𝑜𝑜 > 250 the 

flow becomes three-dimensional and mixing is more intense; finally, when 𝑅𝑅𝑅𝑅𝑜𝑜 > 2000, the flow is 

fully turbulent. 

 

2.2.2 Strouhal number 

The Strouhal number, 𝑆𝑆𝑆𝑆, describes oscillating flow behaviour and represents the ratio of the advection 

time to the characteristic time of the oscillations. If 𝑆𝑆𝑆𝑆 << 1, the flow is more or less stationary. 

Traditionally, the Strouhal number is defined as 𝑆𝑆𝑆𝑆 = 𝑓𝑓𝑓𝑓
𝑢𝑢� , where 𝑓𝑓 and 𝐿𝐿 are the characteristic 

oscillation frequency and length scale, and 𝑢𝑢 is the flow velocity. However Brunold et al. (1989) 

adapted the equation to oscillatory flow in a baffled tube as: 

𝑆𝑆𝑆𝑆 =
𝐷𝐷

4𝜋𝜋𝑥𝑥𝑜𝑜
 (3) 

In this definition, the Strouhal number compares the effective eddy propagation distance via the 

oscillation amplitude with the tube diameter. However, this adapted definition of 𝑆𝑆𝑆𝑆 eliminates 

oscillation frequency from the equation because the fluid velocity term is replaced with the maximum 

oscillatory velocity (2𝜋𝜋𝜋𝜋𝑥𝑥𝑜𝑜). However, the steadiness of the flow and eddy propagation also depend 

on the oscillation frequency and not exclusively on the oscillation amplitude. For this reason, the 

physical explanation of how higher values of 𝑆𝑆𝑆𝑆 promote the propagation of the eddies to the next 

baffle (which is widely stated in the literature) remains unclear (Ahmed et al., 2017; McGlone et al., 

2015; Phan and Harvey, 2011a). 

The most common range of Strouhal numbers used in OBRs, as defined by equation (3), is 0.15 <

𝑆𝑆𝑆𝑆 < 4 (Abbott et al., 2013). However, this common range may not necessarily be the best operating 

range for all processes. For example, Mazubert et al. (2014) observed a decrease in the conversion of 

waste cooking oil into methyl esters for 𝑆𝑆𝑆𝑆 > 0.1 and this was explained by poor liquid-liquid 

dispersion, due to the decrease of the probability for the reactive mixture to interact with baffles due 
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to low oscillation amplitude. It should be pointed out that surprisingly the baffle spacing, 𝑙𝑙𝑏𝑏, which 

influences the shape and length of eddies within each baffle cavity, is absent in the definition of 𝑆𝑆𝑆𝑆 

given in Equation (3), despite being strongly related. 

2.2.3 Velocity ratio 

The velocity ratio, 𝜓𝜓, describes the relationship between the oscillatory and net flow. It is typically 

recommended to operate at a velocity ratio greater than one to ensure that the oscillatory flow 

dominates the superimposed net flow (Stonestreet and Van Der Veeken, 1999). However, the 

recommended range of 𝜓𝜓 to ensure plug flow operation (such that radial flow dominates and limits 

axial dispersion) is typically between two and four (Stonestreet and Van Der Veeken, 1999). 

𝜓𝜓 =
𝑅𝑅𝑅𝑅𝑜𝑜
𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛

 (4) 

Nonetheless, this recommended velocity ratio range is not always used in practice; it is often adjusted 

with respect to the application and process objective, as well as the baffle design. Examples of this are 

discussed in Sections 3.1.1, 3.1.2, 3.1.3, 3.1.7.3, and 3.2. 

 

2.2.4 Womersley number 

The Womersley number (𝑊𝑊𝑊𝑊), which was originally proposed by John R. Womersley for blood flow 

in arteries, is widely used in characterisation of pulsatile flows (Womersley, 1955). 𝑊𝑊𝑊𝑊 expresses the 

ratio of the oscillatory inertial forces to shear forces: 

𝑊𝑊𝑊𝑊 = 𝐿𝐿 �
𝜌𝜌𝜌𝜌
𝜇𝜇 �

1
2
 

(5) 

Interestingly, 𝑊𝑊𝑊𝑊 is not frequently used in the characterisation of flow in OBRs, despite its utility in 

assessing the development of the pulsed flow. Typically, when the Womersley number is small 

(𝑊𝑊𝑊𝑊 < 1), the frequency of oscillations is low enough to allow sufficient time for a fully developed 

flow profile to develop at each cycle. At high Womersley numbers (>10), the frequency of the 

oscillating flow is too high to allow full flow development over a cycle and instead, the velocity profile 

is relatively flat or plug-like (Loudon and Tordesillas, 1998). Indeed, Slavnić et al. (2017) obtained 

narrower RTD and lower axial dispersion for higher frequencies, for the same amplitude (𝑓𝑓 = 1.75 Hz 

and 𝑊𝑊𝑊𝑊 = 43). Hence, ensuring Womersley numbers higher than 10 could help for the proper selection 

of oscillatory conditions. 
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Table 3: Summary of main dimensionless groups in oscillatory baffled reactor design. 

Parameter Symbol Recommended operating ranges References 

Net flow Reynolds 
number 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 

• To achieve convection: 
𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 > 50 
• No advantage of oscillation flow: 
𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 > 250 

(Stonestreet and 
Harvey, 2002; 

Stonestreet and Van 
Der Veeken, 1999) 

Oscillatory Reynolds 
number 𝑅𝑅𝑅𝑅𝑜𝑜 

• Flow 2D, axi-symmetric: 
𝑅𝑅𝑅𝑅𝑜𝑜 < 250 
• Flow 3D, non axi-symmetric: 
𝑅𝑅𝑅𝑅𝑜𝑜 > 250 
• Fully turbulent: 
𝑅𝑅𝑅𝑅𝑜𝑜 > 2000 

(Stonestreet and Van Der 
Veeken, 1999) 

Strouhal number 𝑆𝑆𝑆𝑆 0.15 <  𝑆𝑆𝑆𝑆 <  0.4 (Abbott et al., 2013) 

Velocity ratio 𝜓𝜓 

• Oscillatory flow dominates the 
superimposed net flow: 

𝜓𝜓 >  1  
• To ensure plug flow: 
2 <  𝜓𝜓 <  4 

(Stonestreet and Van Der 
Veeken, 1999) 

 

3 Performance characterization 

3.1 Flow performance 

Flow performance in OBRs can be characterised using many different measures, including flow 

patterns, velocity profiles, axial to radial velocity ratio (𝑅𝑅𝑉𝑉), plug flow behaviour (via the residence 

time distribution (RTD), the axial dispersion coefficient (𝐷𝐷𝑎𝑎𝑎𝑎), or the Péclet number), mixing time, 

radial and axial fluid stretching, shear strain rate history, as well as swirl and radial numbers. 

Whilst it has been shown in the literature that RTD measurements are an appropriate means to 

characterize mixing in OBRs for operations that require long residence times (e.g. crystallisation and 

polymerisation), other performance characteristics may need be taken into consideration when 

operating conditions are chosen for OBRs for other operations. Indeed, depending on the process 

objective, other characteristics may be important for quantifying mixing, such as the spatial 

homogeneity of a minor species or a second phase (e.g. solid suspension), shear strain rate for shear-

sensitive applications (e.g. liquid-liquid dispersions, biological cultures) or even micromixing and how 

fast the fluids are mixed (Kukukova et al., 2009). 
 

3.1.1 Residence time distribution (RTD) and axial dispersion (𝑫𝑫𝒂𝒂𝒂𝒂) 

One of the major flow performance indicators in continuous flow reactors is the residence time 

distribution. Indeed, characterisation of the plug flow behaviour via RTD and identification of the 

operating conditions that enable the narrowest RTD is important for chemical and physical processes. 
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RTD studies in OBRs are abundant in the literature (e.g. Abbott et al., 2014a; Dickens et al., 1989; 

Kacker et al., 2017; Mackley and Ni, 1991; Reis et al., 2004) and have most often analysed the impact 

of reactor geometry and flow conditions on the dispersion of a pulse injection of homogeneous tracer 

in a single phase. From these studies, it is apparent that various recommended ranges of 𝜓𝜓 have been 

proposed to achieve plug flow depending on the size and the design of the OBR. For example: 

Stonestreet and Van Der Veeken (1999) proposed a range 2 < 𝜓𝜓 < 4 using a 24 mm single orifice 

baffle OBR; Phan and Harvey (2010) found good plug flow in the ranges of 4 < 𝜓𝜓 < 8 and 5 < 𝜓𝜓 <

10 for a 5 mm meso-scale OBRs with either smooth constrictions or central baffles, respectively; Phan 

and Harvey (2011b) then found that plug flow could be achieved in a wider range of conditions (5 <

𝜓𝜓 < 250) when a helical baffle was used in the 5 mm meso-scale OBR. 

The axial dispersion coefficient, 𝐷𝐷𝑎𝑎𝑎𝑎, is a measure of the degree of deviation of flows from ideal 

plug flow, in which case 𝐷𝐷𝑎𝑎𝑎𝑎 should be equal to zero (Levenspiel, 2012). The one-dimensional axial 

dispersion convection-diffusion model is given by: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝐷𝐷𝑎𝑎𝑎𝑎

𝜕𝜕2𝐶𝐶
𝜕𝜕𝜕𝜕2 − 𝑢𝑢

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 

(6) 

The dimensionless Péclet number can be used to express the axial diffusion coefficient. It represents 

the ratio of the convective to diffusive transport and is the reciprocal of the dimensionless axial 

dispersion coefficient defined as: 

𝑃𝑃𝑃𝑃 =
𝑢𝑢�𝐿𝐿
𝐷𝐷𝑎𝑎𝑎𝑎

 (7) 

Similar to the recommendations for other non-ideal continuous flow reactors, it is recommended that 

OBRs be operated such that a minimum value of  𝐷𝐷𝑎𝑎𝑎𝑎 𝑢𝑢�𝐿𝐿⁄  is achieved in order to avoid significant 

deviation from plug flow. Reactors with 𝑃𝑃𝑃𝑃 > 100 present an ideal plug flow behaviour, while reactors 

with 𝑃𝑃𝑃𝑃 < 1 present an ideal perfectly mixed state (Hornung and Mackley, 2009). 

Three different models – the tanks-in-series model without interaction (compartmental model), the 

tank-in-series model with backflow, and the dispersion model – have been used in the literature to 

interpret RTD data and predict the non-ideal behaviour of the OBR. Similar results can be obtained 

with any of the three models, although the tanks-in-series model is the most widely used in the literature 

due to its simplicity and robustness. However, the tanks-in-series model has to be used with caution 

since it is unable to represent back-mixing at higher values of 𝑥𝑥𝑜𝑜.𝑓𝑓 (𝑥𝑥𝑜𝑜 = 0.23𝑙𝑙𝑏𝑏 and 𝑓𝑓 = 20 Hz) (Reis 

et al., 2010). This is explained by the fact that the backflow rates generated are not considered in the 

hydrodynamic model. In this case, the tank-in-series model with backflow or the dispersion model are 

recommended. It has been demonstrated many times that plug flow can be achieved in OBRs under 
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laminar flow conditions (i.e., low net Reynolds number) and the RTD can be controlled with the 

oscillatory conditions independently of the net flow, as can be observed in Figure 3 (Ni, 1995; Phan 

and Harvey, 2010; Reis et al., 2010; Stonestreet and Van Der Veeken, 1999). It can be seen in Figure 

3 that the maximum number of tanks with the tanks-in-series model is reached at a velocity ratio 

between two and four for a single baffle orifice geometry at different net Reynolds numbers. Most of 

the recommended 𝜓𝜓 values to achieve plug flow come from RTD data interpreted with the tank-in-

series model, and the velocity ratios vary depending on the size and geometry of the OBR, as was 

discussed previously. 

 

 
Figure 3 : The dependency of the tanks-in-series model parameter, 𝑁𝑁, on the oscillatory Reynolds 
number for different net Reynolds (Ni et al., 2003b). 
 

Many studies have focused on the influence of the oscillatory frequency and amplitude on plug 

flow in OBRs. Palma and Giudici (2003) studied the influence of the pulsating frequency, amplitude 

and baffle spacing on the axial dispersion coefficient, by measurement of the RTD for single phase 

flow in OBRs with multi-orifice baffles. The results show that 𝐷𝐷𝑎𝑎𝑎𝑎 increases proportionally with an 

increase in the oscillatory velocity (𝑥𝑥𝑜𝑜.𝑓𝑓). However, it has further been shown that oscillation 

amplitude has a significant influence on RTD and axial mixing compared with the frequency, and that 

increasing oscillation amplitude increases 𝐷𝐷𝑎𝑎𝑎𝑎 (Dickens et al., 1989; Oliva et al., 2018; Slavnić et al., 

2017). This is because the amplitude directly controls the length of the eddies generated along the tube 

(Hamzah et al., 2012). Smith and Mackley (2006) and González-Juárez et al. (2017) have also shown 

that multi-orifice baffles generally provide improved plug flow compared with single orifice baffles. 
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Indeed, an increase in the number of orifices leads to a decrease in 𝐷𝐷𝑎𝑎𝑎𝑎 (and hence an increase in 

the 𝑃𝑃𝑃𝑃), thereby resulting in narrower RTD curves and improved plug flow behaviour. 

 

3.1.2 Macromixing 
Few studies have been addressed in OBRs concerning the macromixing quality of the reactor. For 

example, Ni et al. (1998a) characterized mixing in oscillatory baffled columns by determining the time 

necessary for a tracer to reach a specific uniform concentration in the column and provided design 

guidelines for free baffle area, baffle spacing and baffle thickness, as presented in Table 2. In recent 

studies, Avila et al. (2020a) studied the impact of the position of the tracer feed and flow conditions on 

the mixing quality of a continuous OBR. The spatial uniformity of the tracer was analysed using the 

areal distribution method developed by Alberini et al. (2014). It was found that for the single baffle 

orifice geometry, improved mixing was found when the tracer was introduced mid-way between the 

tube centreline and the wall. High velocity ratios > 4 were recommended to obtain uniform spatial 

mixing rapidly, although this range is outside the usual recommended range of 2 ≤ 𝜓𝜓 ≤ 4 to ensure 

plug flow. These results highlight the fact that different operating conditions may be required 

depending on the process objective. 

 

3.1.3 Micromixing 
Micromixing, i.e., mixing at the molecular scale, is the limiting step in the progress of instantaneous 

and competitive reactions. Poor micromixing can lead to a loss of conversion and the formation of 

undesired by-products (Baldyga and Pohorecki, 1995). Micromixing applications, such fast 

precipitation and crystallization, in OBRs are a challenging area because this kind of reactor does 

typically not provide fast micromixing conditions, and thereby leads to local segregation and a decrease 

in selectivity and/or product quality. 

In a recent study, McDonough et al. (2019b) characterized micromixing in different meso-OBR 

geometries with the Villermaux-Dushman test reaction. They showed that both central baffles and 

smooth constrictions only enabled fast micromixing times for large velocity ratios where 𝜓𝜓 > 25. 

However, these values of 𝜓𝜓 are outside the recommended range for achieving plug flow in these 

geometries (4 < 𝜓𝜓 < 10) (Phan and Harvey, 2010). On the other hand, they showed that helical baffles 

provide both fast micromixing and plug flow over a much wider range of velocity ratios (5 < 𝜓𝜓 <

250) (Phan and Harvey, 2011a). 
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Nevertheless, due to the limited number of studies in this area, the effectiveness of micromixing 

in OBRs is not entirely clear. The impact of different operating conditions of reactant injection (such 

as inlet position and flow rate ratios), as well as how this interacts with the oscillatory flow and 

influences the micromixing performance in OBRs still needs to be explored. Additionally, the 

development of theoretical micromixing models that are better adapted to the interaction between 

oscillatory, net and reactant injection flows is important for a further comprehension of the 

micromixing phenomena in this kind of reactor, and the future implementation of OBRs for 

micromixing-controlled processes. 

 

3.1.4 Velocity ratios 

The axial to radial velocity ratio, 𝑅𝑅𝑉𝑉, allows quantification of the amount of axial flow (𝑢𝑢𝑧𝑧) compared 

with the transverse (or radial) flow (𝑢𝑢𝑟𝑟) created by the eddies. 𝑅𝑅𝑉𝑉 decreases as transverse flow 

increases. It is determined over a plane or a volume using the velocity components from experimental 

or numerical flow fields (Ni et al., 2003a): 

𝑅𝑅𝑉𝑉𝑉𝑉(𝑡𝑡) =
∑ ∑ �𝑢𝑢𝑧𝑧(𝑖𝑖,𝑗𝑗)�/𝐽𝐽 ∙ 𝐼𝐼𝐼𝐼

𝑖𝑖=1
𝐽𝐽
𝑗𝑗=1

∑ ∑ �𝑢𝑢𝑟𝑟(𝑖𝑖,𝑗𝑗)�/𝐽𝐽 ∙ 𝐼𝐼𝐼𝐼
𝑖𝑖=1

𝐽𝐽
𝑗𝑗=1

 
(8) 

𝑅𝑅𝑉𝑉𝑉𝑉(𝑡𝑡) =
∑ �𝑢𝑢𝑖𝑖,𝑧𝑧�𝑖𝑖 𝑉𝑉𝑖𝑖
∑ �𝑢𝑢𝑖𝑖,𝑟𝑟�𝑖𝑖 𝑉𝑉𝑖𝑖

 
(9) 

where 𝑢𝑢𝑖𝑖,𝑟𝑟 = �𝑢𝑢𝑥𝑥2 + 𝑢𝑢𝑦𝑦2  

Equation (8) is weighted by area, where J and 𝐼𝐼 are the total number grid data points in the axial and 

radial directions, and equation (9) is weighted by volume. A number of studies have used 𝑅𝑅𝑉𝑉 to analyse 

the flow performance of OBRs with single orifice baffles (Jian and Ni, 2005; Manninen et al., 2013; 

Mortazavi and Pakzad, 2020; Ni et al., 2003a; Sutherland et al., 2021). They observed that with 

increasing 𝑅𝑅𝑅𝑅𝑜𝑜, transverse velocities increased, thereby decreasing 𝑅𝑅𝑉𝑉. Fitch et al. (2005) showed that 

𝑅𝑅𝑉𝑉 was found to decrease from a value of eight at very low 𝑅𝑅𝑒𝑒𝑜𝑜 to two at 𝑅𝑅𝑅𝑅𝑜𝑜 = 500. From their visual 

experimental results, they defined an empirical criterion of 𝑅𝑅𝑉𝑉 < 3.5 to achieve effective mixing. 

Nevertheless, due to the limited number of studies using the 𝑅𝑅𝑉𝑉 criterion as an indicator of mixing, it 

is unclear whether this value may vary, since Fitch et al. (2005) reported a minimum value of 𝑅𝑅𝑉𝑉 of 

two and Manninen et al. (2013) reported a value of one for the same baffle geometry. This may also 

be true concerning different baffle geometries. Mazubert et al. (2016a) found that the disc-and-

doughnut and helical blade baffle geometries provide more effective radial mixing at low oscillatory 

Reynolds numbers than the single orifice plate geometry. Indeed, due to the presence of the disc in the 
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disc-and-doughnut geometry, the axial flow at the centreline is blocked causing a large vortical zone 

in front of and behind the disc at all moments of the oscillation cycle, thereby enhancing the radial 

flow component. The hydrodynamics of the helical blade baffles are more complex and they offer more 

radial mixing due to the generation of a highly three-dimensional flow, especially when flow reversal 

occurs, which is very different to the organised flow generated with the single orifice baffle geometry. 

McDonough et al. (2017, 2019a) characterized mixing in an OBR with helical baffles with and 

without a central rod, using the swirl and radial numbers to identify whether mixing is dominated by 

swirl or vortex flows. The swirl number describes the ratio of the axial flux of angular momentum to 

the axial flux of linear momentum: 

𝑆𝑆𝑛𝑛 =
∫ 𝑣𝑣𝑧𝑧𝑣𝑣𝜃𝜃𝑟𝑟2d𝑟𝑟𝑣𝑣
𝑍𝑍
𝑅𝑅∫𝑣𝑣𝑧𝑧2𝑟𝑟d𝑟𝑟

 
(10) 

where 𝑣𝑣𝑧𝑧 and 𝑣𝑣𝜃𝜃 are the axial and tangential velocity components, 𝑟𝑟 is the radial position, and 𝑅𝑅 is the 

hydraulic radius. The radial number compares the axial flux of radial momentum with the axial flux of 

axial momentum: 

𝑟𝑟𝑛𝑛 =
∫ 𝑣𝑣𝑧𝑧𝑣𝑣𝑟𝑟𝑟𝑟d𝑟𝑟𝑣𝑣
𝑍𝑍
∫ 𝑣𝑣𝑧𝑧2𝑟𝑟d𝑟𝑟

 
(11) 

These numbers can be plotted against the oscillatory velocity to show how the swirling and vortex 

strengths change during the oscillation cycle. They enable the transition between vortex-dominated 

mixing (i.e., at the peak of the radial component) and swirl-dominated mixing (i.e., at the peak of the 

swirl component) to be identified as the oscillation intensity increases. McDonough et al. (2017) have 

shown that these transitions agree well with the observations made in their experiments. The swirl and 

radial number are particularly well adapted to characterizing flow in helical baffle geometries due to 

the helical-shaped vortex formed behind the baffle and the dominant radial and tangential flows. 

 

3.1.5 Heat transfer 
OBRs have proven to significantly enhance heat transfer in both batch and continuous operation when 

compared with simple tubular reactors (Mackley and Stonestreet, 1995; Stephens and Mackley, 2002). 

The Nusselt number, which is the ratio of convective to conductive heat transfer, is often used to 

compare the performance between operating conditions and reactor geometries: 

𝑁𝑁𝑁𝑁 =
ℎ𝑂𝑂𝑂𝑂𝑂𝑂𝐷𝐷
𝑘𝑘

 
(12) 

where ℎ𝑂𝑂𝑂𝑂𝑂𝑂 is the OBR-side transfer coefficient and 𝑘𝑘 the thermal conductivity of the process fluid. 
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When an oscillatory flow is applied to the net flow, it has been shown that the Nusselt number is 

enhance up to 30-fold, depending on the oscillatory conditions, net flow, fluid properties and OBR 

geometry (Ahmed et al., 2018a; González-Juárez et al., 2018; Law et al., 2018; Mackley and 

Stonestreet, 1995; Ni et al., 2003b; Onyemelukwe et al., 2018; Solano et al., 2012). As illustrated in 

Figure 4, the effect of oscillatory flow on heat transfer is significant in the laminar flow regime 

(𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 < 1000) and the highest values of Nu are obtained at high 𝑅𝑅𝑅𝑅𝑜𝑜. However, the impact of 𝑅𝑅𝑅𝑅𝑜𝑜 on 

heat transfer decreases as 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 increases. Indeed, the curves start to converge to the steady-state 

behaviour (𝑅𝑅𝑅𝑅𝑜𝑜 = 0) as 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 starts to dominate and the benefits of the oscillatory flow are lost. The 

enhancement of the heat transfer rate is attributed to the chaotic flow structures created by the 

oscillatory flow interacting with the cold and hot flows, and by obtaining the maximum value of 𝑁𝑁𝑁𝑁 

during the formation of the vortex behind the baffle (Solano et al., 2012). The helical baffle design has 

shown to provide highest heat transfer performance when compared with other geometries (Ahmed et 

al., 2018a). The characteristic swirl-radial motion and vortex-travelling structures generated by the 

helical baffles, as described by McDonough et al. (2017), greatly contribute to flow renewal at the wall, 

thereby enhancing the heat transfer coefficient. 

Heat transfer performance has shown to be more dependent on the Strouhal number (and therefore 

oscillation amplitude) than the oscillation frequency alone, and heat transfer performance decreases for 

𝑆𝑆𝑆𝑆 < 0.8 in a 5 mm OBR with smooth constrictions (Onyemelukwe et al., 2018). This can be related 

to the axial dispersion in the reactor since, as was already discussed, an increase in oscillation amplitude 

increases 𝐷𝐷𝑎𝑎𝑎𝑎 and plug flow behaviour decreases. These results, however, contradict those reported by 

Mackley and Stonestreet (1995) and González-Juárez et al. (2018) for larger sharp-edged baffled 

reactors with tube diameters of 12 mm and 25 mm, respectively. They found the frequency has a strong 

effect on the heat transfer rather than the amplitude. This disagreement may be attributed to the 

difference in scale of OBRs. Indeed, the effect of the surface to volume ratio plays an important role 

when comparing heat transfer in different OBR sizes; however, this has not been specifically addressed 

in these works.  
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Figure 4: Heat transfer enhancement in oscillatory baffled tubes, adapted from the work of Mackley 
and Stonestreet (1995) (Ni et al., 2003b). 

 

Different correlations have been proposed to predict the Nusselt number in OBRs over recent years. 

The first and most well-known phenomenological correlation was given by Mackley and Stonestreet 

(1995) for the range 100 ≤ 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 1200 and 𝑅𝑅𝑅𝑅𝑜𝑜 ≤ 800: 

𝑁𝑁𝑁𝑁 = 0.0035 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛1.3𝑃𝑃𝑃𝑃1 3� + 0.3 �
𝑅𝑅𝑅𝑅𝑜𝑜2.2

(𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 + 800)1.25� 
(13) 

The first term corresponds to the steady-state flow contribution and was chosen to be like the Dittus-

Boelter turbulent flow correlation, however the value of the exponent is higher in order to take into 

account the fluid recirculation due to the presence of the baffles. The second term corresponds to the 

oscillatory flow contribution, assuming that when 𝑅𝑅𝑅𝑅𝑜𝑜 ≫ 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 the influence of oscillations is 

superimposed on the steady behaviour and that the oscillatory term can be added to the steady-state 

term. In the case when 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 ≫ 𝑅𝑅𝑅𝑅𝑜𝑜, the influence of the oscillations is small and the correlation 

reduces to that for steady-state behaviour. The influence of the Prandtl number on the Nusselt number 

was not determined in the study. 

Until the end of the 2010s, no other significant correlation was proposed for the prediction of heat 

transfer in OBRs. However, several studies have been carried out to obtain more robust Nusselt number 

correlations in the last few years. Table 4 presents a summary of the correlations available in the current 

literature. Whilst the correlations are similar, the constants and exponents are strongly dependent on 

the geometry, operating conditions and working fluid. González-Juárez et al. (2018) compared their 

heat transfer data obtained in a OBR with single orifice baffles with the correlations proposed by 
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Mackley and Stonestreet (1995) and by the Polymer Fluid Group from Cambridge University for a 

range 5 ≤ 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 1000. It was generally found that these correlations did not provide the same 

results and neither correlations correctly represent the experimental results obtained by González-

Juárez et al. (2018) for 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 < 500, however the agreement was slightly better at higher 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 (> 500). 

Onyemelukwe et al. (2018) presented an additional correlation for heat transfer in a meso-OBR 

with smooth constrictions. This correlation follows the same principle of Mackley and Stonestreet's 

(1995) correlation with the difference that the coefficient of the first term is higher due to the significant 

influence of the net flow on the heat transfer rate, and the inclusion of 𝑆𝑆𝑆𝑆 independently of 𝑅𝑅𝑅𝑅𝑜𝑜. 

Ahmed et al. (2018a) also proposed general heat transfer correlations for three meso-OBR designs, 

following the equations established by Law et al. (2018), which are analogous to the Dittus-Boelter 

correlation but have an additional term involving 𝑅𝑅𝑅𝑅𝑜𝑜. The coefficient of the correlations depends on 

the tube diameter and baffle geometry, making the equations more versatile and robust for the 

prediction of Nusselt numbers. They also show good agreement with the correlations proposed by 

Mackley and Stonestreet (1995) and Law et al. (2018). 
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Table 4: Correlations for tube-side Nusselt number found the literature. 

Geometry Range of applicability Correlation Reference 
Single orifice plate baffle 
𝐷𝐷 = 12 mm 
𝛼𝛼 = 0.35 
𝑙𝑙𝑏𝑏 = 1.5𝐷𝐷 

100 ≤ 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 1200 
𝑅𝑅𝑅𝑅𝑜𝑜 ≤ 800 
𝑃𝑃𝑃𝑃 = 73 

𝑁𝑁𝑁𝑁 = 0.0035 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛1.3𝑃𝑃𝑃𝑃1 3� + 0.3 �
𝑅𝑅𝑅𝑅𝑜𝑜2.2

(𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 + 800)1.25� (Mackley and Stonestreet, 1995) 

Single orifice plate baffle 
𝐷𝐷 = 24 mm 
𝛼𝛼 = 0.25 
𝑙𝑙𝑏𝑏 = 1.5𝐷𝐷 

𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 1000 
𝑅𝑅𝑅𝑅𝑜𝑜 ≤ 1590 
𝑃𝑃𝑃𝑃 = 73 

𝑁𝑁𝑁𝑁 = 𝑃𝑃𝑃𝑃1 3� �0.36𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛0.6 + 0.8
𝑅𝑅𝑅𝑅𝑜𝑜1.7

𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 + 10,000� 
(Paste, Particle and Polymer 

Processing Group (P4G), 
accessed February 17, 2020) 

Smooth constriction baffle 
𝐷𝐷 = 5 mm 
𝛼𝛼 = 0.16 
𝑙𝑙𝑏𝑏 = 2.6𝐷𝐷 

11 ≤ 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 54 
𝑅𝑅𝑅𝑅𝑜𝑜 ≤ 197 
𝑃𝑃𝑃𝑃 = 5.37 

𝑁𝑁𝑁𝑁 = 0.01616 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛1.16𝑃𝑃𝑃𝑃1 3� + 0.0016 �𝑅𝑅𝑅𝑅𝑜𝑜0.08𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛1.42 𝑆𝑆𝑆𝑆
1.136� 

(Onyemelukwe et al., 2018) 

Single orifice plate baffle 
𝐷𝐷 = 26.2 mm 
𝛼𝛼 = 0.246 
𝑙𝑙𝑏𝑏 = 2𝐷𝐷 

200 ≤ 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 1300 
𝑅𝑅𝑅𝑅𝑜𝑜 ≤ 8700 
4.4 ≤ 𝑃𝑃𝑃𝑃 ≤ 73 

For 𝑅𝑅𝑅𝑅𝑜𝑜 ≤ 1300 
𝑁𝑁𝑁𝑁 = 0.022 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛0.7𝑃𝑃𝑃𝑃1 3�  𝑅𝑅𝑅𝑅𝑜𝑜0.44 

 
For 𝑅𝑅𝑅𝑅𝑜𝑜 > 1300 

𝑁𝑁𝑁𝑁 = 0.52 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛0.7𝑃𝑃𝑃𝑃1 3�  

(Law et al., 2018) 

OBRs 
𝐷𝐷 = 5 mm 
𝑙𝑙𝑏𝑏 = 1.5𝐷𝐷 
Helical baffle 
𝛼𝛼 = 0.59 
Central baffle 
𝛼𝛼 = 0.13 
Single orifice plate baffle 
𝛼𝛼 = 0.25 

61 ≤ 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 2400 
𝑅𝑅𝑅𝑅𝑜𝑜 ≤ 1550 
𝑃𝑃𝑃𝑃 = 4.4 

For 𝑅𝑅𝑅𝑅𝑜𝑜 ≤ 1300 
𝑁𝑁𝑁𝑁 = 𝜆𝜆 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛0.7𝑃𝑃𝑃𝑃1 3�  𝑅𝑅𝑅𝑅𝑜𝑜0.44 

 
For 𝑅𝑅𝑅𝑅𝑜𝑜 > 1300 

𝑁𝑁𝑁𝑁 = 23.45𝜆𝜆 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛0.7𝑃𝑃𝑃𝑃1 3�  
 

Meso-helical baffle: 𝜆𝜆 = 0.009 
Meso-central baffle: 𝜆𝜆 = 0.011 

Meso-single orifice baffle: 𝜆𝜆 = 0.007 

(Ahmed et al., 2018a) 

Tri-orifice baffle with central rod 
𝐷𝐷 = 32 mm 
𝐷𝐷𝑒𝑒 = 15.5 mm 
𝛼𝛼 = 0.25 
𝑙𝑙𝑏𝑏 = 2.6𝐷𝐷𝑒𝑒 

10 ≤ 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 600 
𝑅𝑅𝑅𝑅𝑜𝑜 ≤ 600 
190 ≤ 𝑃𝑃𝑃𝑃 ≤ 470 
𝜓𝜓 > 1 

𝑁𝑁𝑁𝑁 = 0.412𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛0.196 𝑅𝑅𝑅𝑅𝑜𝑜0.583𝑃𝑃𝑃𝑃0.285 
 

(Muñoz-Cámara et al., 2020) 
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3.1.6 Energy dissipation rate 
The energy dissipation rate is considered a key parameter in industrial processes, since it influences 

mass and heat transfer, mixing quality and scale-up guidelines. In practice, energy dissipation rate in 

continuous flow equipment is determined by pressure drop measurements, generally with pressure 

transducers installed in the pipe upstream and downstream of the OBR. This usually leads to additional 

fittings, valves and bends and making it hence difficult to calculate power density in the continuous 

OBR alone. Other related problems concerning the calculation of power consumption, like the pressure 

drop along the reactor and the influence of the superimposed oscillatory flow on the oscillator and 

pumps have been recently studied. Jimeno (2019) found using numerical simulation that the average 

value of the power density and maximum center-to-peak pressure drop (Δp/L) over an oscillation period 

remain constant over the reactor length, which is to be expected due to the periodic geometry. They 

also observed local energy losses that very during the oscillation period. Muñoz-Cámara et al. (2021) 

further proposed different interaction correction factors, which consider the nonlinear effect of the 

oscillatory flow on the net pump power and the net flow on the oscillator power consumption. These 

factors allow the correct selection and installation of the net flow pump and the oscillator engines. 

Due to the potential technical difficulties related to the measurement of power consumption as 

mentioned above, past studies on energy dissipation rate have mainly been based on the use of 

analytical and empirical models (Baird and Stonestreet, 1995; Jealous and Johnson, 1955; Mackley 

and Stonestreet, 1995; Muñoz-Cámara et al., 2021), and more recently CFD simulations (Avila et al., 

2020b; Jimeno, 2019; Jimeno et al., 2018; Sutherland et al., 2020). The analytical and empirical models 

are themselves based on a number of hypotheses, which will be detailed further below. On the other 

hand, the determination of energy dissipation rate via CFD is a direct method.  

The power consumption in oscillatory flows can be characterised by the time-averaged power 

consumption over an oscillation period divided by the volume of the reactor. The quasi-steady flow 

model (QSM) by Jealous and Johnson (1955) and the eddy enhancement model (EEM) by Baird and 

Stonestreet (1995) are two models that are found in the literature for estimating the energy dissipation 

rate in oscillatory flows in pulsed batch columns and in oscillatory flow in tubes with no net flow, and 

both assume high oscillatory velocities and a turbulent flow regime. These models are the only ones 

that have been employed for estimating power dissipation in OBRs since the 1990s.  

The quasi-steady flow model is based on the standard pressure drop relation across a simple sharp-

edged orifice, and assumes that the instantaneous pressure drop in an oscillation period is the same as 

the pressure drop that would be achieved in steady-state flow with the same velocity: 
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�
𝑃𝑃
𝑉𝑉�𝑄𝑄𝑄𝑄𝑄𝑄

=
2𝜌𝜌𝜌𝜌(𝜔𝜔𝑥𝑥𝑜𝑜)3(1 𝛼𝛼2⁄ − 1)

3𝜋𝜋𝐶𝐶𝐷𝐷2𝐿𝐿
 

(14) 

The discharge coefficient (𝐶𝐶𝐷𝐷) depends on the regime of the flow. In turbulent flow and for simple 

orifices with sharp edges, the value of the coefficient varies between 0.6 and 0.7; while for laminar 

flow, 𝐶𝐶𝐷𝐷 varies with the ratio of the reactor diameter to orifice diameter (𝐷𝐷 𝑑𝑑⁄ ), and it is proportional 

to √𝑅𝑅𝑅𝑅. (Johansen, 1930; Liu et al., 2001). This, in addition to the fact that the model was developed 

for low oscillation frequencies 𝑓𝑓 (0.5–2 Hz) and high oscillation amplitudes 𝑥𝑥𝑜𝑜 (5–30 mm), limits its 

application to the OBRs geometry with sharp orifice baffles and specific flow conditions. The model 

also assumes that there is no pressure recovery between orifice baffles, due to the short distance 

between them. This assumption has recently been examined by Jimeno et al. (2018) who found that 

some pressure recovery does indeed take place when the baffle spacing is equals to 1.5D or greater. 

The eddy enhancement model is based on the prediction of frictional pressure drop as the acoustic 

resistance of a single orifice plate (Baird and Stonestreet, 1995). The EEM replaces the kinematic 

viscosity with eddy kinematic viscosity for turbulent flow. This model was proposed for high 

frequencies 𝑓𝑓 (3–14 Hz) values and low oscillation amplitudes 𝑥𝑥𝑜𝑜 (1–5 mm), being the opposite to the 

QSM. It includes an adjustable empirical parameter corresponding to the turbulent scale, the mixing 

length (𝑙𝑙), which is expected to be of the same order as the OBR diameter: 

�
𝑃𝑃
𝑉𝑉�𝐸𝐸𝐸𝐸𝐸𝐸

=
1.5𝜌𝜌𝜔𝜔3𝑥𝑥𝑜𝑜2𝑙𝑙

𝛼𝛼𝑙𝑙𝑏𝑏
 

(15) 

In addition to the dependency of the mixing length on the reactor geometry, Reis et al. (2004) reported 

that 𝑙𝑙 is also depends on oscillation amplitude. This indeed limits the use of this model for a wide range 

of conditions and reactor designs. 

Both models have been used to compare performances between traditional stirred-tank reactors and 

OBR for different applications, such as bioprocesses and crystallization (Abbott et al., 2014b; Ni et al., 

2004b). Despite the recommended oscillatory conditions of each model, the QSM model has been the 

most widely used of the two. Many studies have used the QSM rather than the EEM, and a number of 

them use it outside the original recommended range of frequency and amplitude (Ahmed et al., 2018b; 

Callahan and Ni, 2014; Ejim et al., 2017; Siddique et al., 2015; Slavnić et al., 2019; Yang et al., 2015). 

Unfortunately, there exists limited fundamental studies of energy dissipation rate in OBRs – probably 

due to the difficulties in measurement – therefore limiting the validation of both models. Few studies 

have been carried out on this subject (Avila et al., 2020b; Jimeno, 2019; Jimeno et al., 2018; Mackley 

and Stonestreet, 1995; Muñoz-Cámara et al., 2021; Sutherland et al., 2020). Mackley and Stonestreet 
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(1995) proposed the used a correction factor in the QSM to consider the power density provided by the 

net flow: 

𝜑𝜑 = �1 + 4 �
𝑅𝑅𝑅𝑅𝑜𝑜

𝜋𝜋𝜋𝜋𝜋𝜋𝑛𝑛𝑛𝑛𝑛𝑛
�
3

�
1
3�

 
(16) 

Nevertheless, the use of this factor is limited because its physical meaning remains unclear.  

Jimeno et al. (2018) used the QSM and EEM models to calculate the power density in a smooth 

constriction baffle OBR. The results were compared with CFD simulations of turbulent flow through 

the pressure drop across the reactor, and they found that the QSM overestimate the energy dissipation 

rate due to inadequate values of geometrical parameters such as 𝑛𝑛∗ and 𝐶𝐶𝐷𝐷, while the EEM provides 

better agreement. Both models were then modified by adjusting the geometrical parameters and 

proposing an empirical correlation for mixing length: 

�
𝑃𝑃
𝑉𝑉�𝑄𝑄𝑄𝑄𝑄𝑄∗

=
2𝜌𝜌𝑛𝑛0.7(𝜔𝜔𝑥𝑥𝑜𝑜)3 �1

𝛼𝛼2� − 1�

3𝜋𝜋𝐶𝐶𝐷𝐷2 �𝑉𝑉 𝐴𝐴� �
 

(17) 
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𝑃𝑃
𝑉𝑉�𝐸𝐸𝐸𝐸𝐸𝐸∗

=
1.5𝑛𝑛0.7𝜌𝜌𝜔𝜔3𝑥𝑥𝑜𝑜2𝑙𝑙

∗

𝛼𝛼 �𝑉𝑉 𝐴𝐴� �
 

(18) 

𝑙𝑙∗ = 0.002 �𝛼𝛼2 𝑑𝑑
𝜋𝜋𝑥𝑥𝑜𝑜

�
0.57

 
(19) 

With these modifications, the new models predict similar energy dissipation rates in turbulent flow for 

a wide range of operating conditions, being in good agreement with the authors’ CFD simulations. 

However, due to the presence of adjustable parameters based on reactor geometry in the modified 

models, it is expected that the values of these parameters would need to be changed if the reactor 

geometry and/or baffle design were modified. 

Recently, Avila et al. (2020b) determined the power density in an OBR with smooth orifice baffles 

for a range of operating conditions in laminar flow. They proposed an alternate method to predict power 

consumption by plotting dimensionless power density (𝑃𝑃/𝑉𝑉)∗ as a function of a Reynolds number 

based on the sum of both the oscillatory and net flow velocities, 𝑅𝑅𝑅𝑅𝑇𝑇. This approach is analogous to 

friction factor plots for flow in pipes and power number plots for stirred tanks. As shown in Figure 5, 

(𝑃𝑃/𝑉𝑉)∗ is inversely proportional to 𝑅𝑅𝑅𝑅𝑇𝑇 in laminar flow and constant in turbulent flow. The 

proportionality constant in equation (23) and the constant in equation (24) are geometry dependent (as 

is the case for the power number of an impeller in a stirred tank). However, once the master curve for 

a specific OBR geometry is generated, P/V can be calculated from the operating conditions alone. For 
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this approach to be of more extended use, further work in the determination of master plot for OBRs 

with other baffle geometries is required. 

𝑅𝑅𝑅𝑅𝑇𝑇 =
(2𝜋𝜋𝜋𝜋𝑥𝑥𝑜𝑜 + 𝑢𝑢𝑛𝑛𝑛𝑛𝑛𝑛)𝜌𝜌𝜌𝜌

𝜇𝜇
�𝛽𝛽
𝛼𝛼

 (20) 

𝛽𝛽 =
𝑙𝑙𝑏𝑏
𝑜𝑜𝑜𝑜𝑜𝑜

𝑙𝑙𝑏𝑏
 (21) 
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𝑃𝑃
𝑉𝑉�

∗

=
(𝑃𝑃/𝑉𝑉)𝐷𝐷

𝜌𝜌(2𝜋𝜋𝜋𝜋𝑥𝑥𝑜𝑜 + 𝑢𝑢𝑛𝑛𝑛𝑛𝑛𝑛)3
 (22) 

(𝑃𝑃/𝑉𝑉)∗ = 330 𝑅𝑅𝑅𝑅𝑇𝑇⁄              for laminar flow (𝛼𝛼 = 0.25 / 𝑙𝑙𝑏𝑏 = 1.1𝐷𝐷)  (23) 

(𝑃𝑃/𝑉𝑉)∗ = 1.92  for turbulent flow (𝛼𝛼 = 0.22 / 𝑙𝑙𝑏𝑏 = 1.6𝐷𝐷) (24) 

 

 
Figure 5: Dimensionless power density number as function of 𝑅𝑅𝑅𝑅𝑇𝑇 (Avila et al., 2020b). 

 

3.1.7 Advances in multiphase systems 
3.1.7.1 Gas-Liquid systems 
Many studies in the literature have compared the mass transfer performance of OBRs with conventional 

gas-liquid contactors, such as STRs and bubble columns. These have shown that a significantly higher 

number of smaller bubbles and therefore increased 𝑘𝑘𝐿𝐿𝑎𝑎 values are obtained in OBRs for various 

combinations of baffle spacing, amplitude and frequency (Ahmed et al., 2018b; Al-Abduly et al., 2014; 

Ferreira et al., 2015; Hewgill et al., 1993; Ni and Gao, 1996b; Oliveira and Ni, 2001; Pereira et al., 

2014; Reis et al., 2007). For example, Hewgill et al. (1993) reported an increase in the mass transfer 
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coefficient by up to six-fold for an air-water system compared with conventional STRs (illustrated in 

Figure 6), whilst Al-Abduly et al. (2014) found that 𝑘𝑘𝐿𝐿𝑎𝑎 for ozone-water transfer in OBRs are more 

than five and three times greater than that observed in bubble and baffled columns, respectively. 

 

 

Figure 6: 𝑘𝑘𝐿𝐿𝑎𝑎 as a function of power density for a 50 mm diameter OBR with single orifice baffles and 
a STR at constant superficial gas velocity (Hewgill et al., 1993). 

 

The reason for the increase in gas-liquid mass transfer in OBRs was studied by Oliveira and Ni 

(2001). They characterized gas-liquid flow patterns experimentally in a single orifice baffle OBR and 

studied the influence of oscillatory conditions on gas hold-up and bubble size. The bubbles were found 

to interact strongly with the eddies created by the presence of the baffles, and the high radial mixing 

and the detachment mechanism of vortex rings from the walls were found to be the reasons for the 

increased bubble retention and effective gas-liquid contacting area. As the oscillatory velocity 

increases, intermediate-scale vortices formed by the interaction of oscillatory flow and the baffles cause 

bubble breakup, thereby increasing the gas-liquid surface area. These vortices also retain bubbles for 

a longer time, thereby increasing the gas-phase residence time and gas hold-up. It was further shown 

that gas hold-up has greater impact on the volumetric transfer rate than bubble size (Oliveira and Ni, 

2004). Whilst this observation may contradict the behaviour of gas-liquid mass transfer in conventional 

STRs, it is explained by the fact that the decrease in the bubble size causes the bubbles to become more 

rigid with less fluid circulation at the interface, thereby resulting in a reduction of the liquid-side mass 

transfer coefficient. This effect is outweighed by the observed increase in the interfacial area. As a 

direct consequence of these opposing effects, the bubble size plays a much less important role in the 

enhancement of mass transfer than the gas holdup. 
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Among the different OBR geometries, the multi-orifice baffles result in higher mass transfer 

coefficients compared with the single orifice baffle geometry. This is certainly due to the fact the gas 

phase is forced through much smaller orifices in the former geometry, thereby increasing shear strain 

rates and promoting bubble breakup, as well as enhanced recirculation and hold-up. On the other hand, 

the helical baffle design has not shown any significant improvement in the mass transfer coefficient, 

making it less useful for gas-liquid mass transfer applications (Ahmed et al., 2018b; Pereira et al., 

2014). 

 

3.1.7.2 Liquid-Liquid dispersions 
Liquid–liquid dispersion is a key operation in many processes, including both liquid-liquid reactions 

and extractions. Good control of the mean droplet size and droplet size distribution defines the quality 

and properties of the final product and the process performance. Inspired by pulsed extraction column 

processes (Angelov and Gourdon, 2012; Goldlng and Lee, 1981; Karr, 1959; Kumar and Hartland, 

1988; van Delden et al., 2006), liquid-liquid dispersions have been widely studied in OBRs. It has been 

demonstrated that the oscillatory flow plays a more significant role in the control of the mean droplet 

diameter and size distribution than the net flow (Lobry et al., 2013). Furthermore, an increase in either 

the amplitude or the frequency decreases the droplet size and narrows the distribution (Lobry et al., 

2014, 2013; Ni et al., 2001b, 1999, 1998b; Pereira and Ni, 2001), as it can be observed in Figure 7(a). 

Indeed, the oscillatory velocity was shown to control the breakage rate, with the amplitude having a 

more significant effect than the frequency (Mignard et al., 2006, 2004). On the other hand, the net flow 

has shown to not have a significant effect on the size and distribution of the droplets, as shown in 

Figure 7(b) (Lobry et al., 2013). This is of particular interest since it means that that residence time can 

be controlled and modified without modifying the properties of the liquid-liquid dispersion.  
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(a) 

 
(b) 

Figure 7: (a) mean droplet size as function of oscillatory velocity, with 𝐴𝐴 = 𝑥𝑥𝑜𝑜, (b) droplet size 
distribution for different net flowrates and the same oscillatory conditions (𝑥𝑥𝑜𝑜 = 52 mm and 𝑓𝑓 =
1.17 Hz) (Lobry et al., 2013). 
 

Many correlations for mean droplet size can be found in the literature, as given in Table 5. The 

mean droplet size is usually presented as a power-law expression in terms of the oscillatory velocity 

(𝑥𝑥𝑜𝑜.𝑓𝑓) or oscillatory Reynolds number. Pereira and Ni (2001) proposed a correlation where the net 

Reynolds number is considered, however, since the oscillatory flow plays a more dominant role in the 

controlling the mean droplet diameter than the net flow, the coefficient on the net flow terms is lower 

than those of the oscillatory term. Indeed, as long as the oscillatory flow dominates over the net flow, 

the correlations proposed by (Ni et al., 2001b, 1998b) may be preferred. 

Most of the correlations do not take the influence of fluid properties, such as interfacial tension, 

viscosity and density, into account. However, under identical oscillatory conditions and reactor 
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geometry, different droplet sizes have been found for different fluids (Lobry et al., 2013). Such 

differences may be attributed to different fluid properties (which can affect interfacial tension) and 

interaction with reactor material (i.e., surface wettability), and these will modify the droplet size. Lobry 

et al. (2014, 2013) integrated the impact of fluid properties into their correlations by including the 

Weber number, which represents the ratio between the inertial and interfacial forces. These are 

therefore recommended for a generalised prediction of the mean droplet size in OBRs. 

 

Table 5: Mean droplet size correlations for oscillatory baffled reactors. 

Geometry Range of applicability Correlation Reference 
Single orifice plate baffle 
𝐷𝐷 = 50 mm 
𝛼𝛼 = 0.19 
𝑙𝑙𝑏𝑏 = 1.5𝐷𝐷 

1 ≤ 𝑥𝑥𝑜𝑜 ≤ 15 mm 
1 ≤ 𝑓𝑓 ≤ 10 Hz 
0.75 ≤ 𝑃𝑃

𝑉𝑉� ≤ 44 W kg−1 

𝑑𝑑32 = 0.996 × 10−6(𝑥𝑥𝑜𝑜𝑓𝑓)−1.2 (m) 

𝑑𝑑32 = 6.80 × 10−5�𝑃𝑃 𝑉𝑉� �
−0.4

 (m) 
(Ni et al., 1998b) 

Single orifice plate baffle 
(pulsed baffles) 
𝐷𝐷 = 50 mm 
𝛼𝛼 = 0.23 
𝑙𝑙𝑏𝑏 = 1.5𝐷𝐷 

10 ≤ 𝑥𝑥𝑜𝑜 ≤ 50 mm 
1 ≤ 𝑓𝑓 ≤ 5 Hz 
10 ≤ 𝑃𝑃

𝑉𝑉� ≤ 90 W kg−1 

𝑑𝑑32 = 2.8 × 10−5(𝑥𝑥𝑜𝑜𝑓𝑓)−0.96 (m) 

𝑑𝑑32 = 7.26 × 10−4�𝑃𝑃 𝑉𝑉� �
−0.32

 (m) 
(Ni et al., 2001b) 

Continuous single orifice 
plate baffle 
𝐷𝐷 = 40 mm 
𝛼𝛼 = 0.21 
𝑙𝑙𝑏𝑏 = 1.8𝐷𝐷 

0 ≤ 𝑥𝑥𝑜𝑜 ≤ 60 mm 
0 ≤ 𝑓𝑓 ≤ 5 Hz 
250 ≤ 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 1000 
3.18 ≤ 𝑃𝑃

𝑉𝑉� ≤ 25 W kg−1 

𝑑𝑑32 = 1.72 × 10−2𝑅𝑅𝑅𝑅𝑜𝑜−0.91𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛−0.42 (m) 

𝑑𝑑32 = 3.7 × 10−5�𝑃𝑃 𝑉𝑉� �
−0.3

�𝑃𝑃 𝑉𝑉� �
𝑛𝑛

−0.14
 (m) 

(Pereira and Ni, 2001) 

Continuous disc and 
doughnut baffle 
𝐷𝐷 = 50 mm 
𝛼𝛼 = 0.25 
𝑙𝑙𝑏𝑏 = 0.48𝐷𝐷 

24 ≤ 𝑥𝑥𝑜𝑜 ≤ 52 mm 
1.17 ≤ 𝑓𝑓 ≤ 1.56 Hz 
2600 ≤ 𝑅𝑅𝑅𝑅𝑜𝑜 ≤ 10 200 
2190 ≤ 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 2675 

𝑑𝑑32
𝐷𝐷

= 5 𝑅𝑅𝑅𝑅𝑜𝑜−0.85𝑊𝑊𝑊𝑊𝑠𝑠−0.26 (Lobry et al., 2013) 

Continuous smooth 
reduction baffle 
𝐷𝐷 = 15 mm 
𝛼𝛼 = 0.28 
𝑙𝑙𝑏𝑏 = 1.7𝐷𝐷 

10 ≤ 𝑥𝑥𝑜𝑜 ≤ 70 mm 
0.35 ≤ 𝑓𝑓 ≤ 1.4 Hz 
800 ≤ 𝑅𝑅𝑅𝑅𝑜𝑜 ≤ 3200 
180 ≤ 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 ≤ 300 

𝑑𝑑32
𝐷𝐷ℎ

= 2.99 𝑅𝑅𝑅𝑅𝑜𝑜ℎ−0.89𝑊𝑊𝑊𝑊ℎ−0.08 (Lobry et al., 2014) 

 

3.1.7.3 Liquid-Solid suspensions 
Liquid–solid flows are important in crystallization and catalytic reactions, where the size and 

distribution of particles, as well as the suspension of the solids and kinetic rates are directly affected 

by the mixing behaviour of the solids and fluid. 

Solid-liquid flow patterns were analysed by Slavnić et al. (2019), who identified four flow regimes: 

creeping solid flow, dense solid flow, dilute solid flow and solid washout. In the creeping solid flow, 

particles were moving very slowly and were not effectively suspended. In dense solid flow, a 

considerable number of particles are transported in between the baffles, but they are still not uniformly 

dispersed in the tube. For the dilute solid flow regime, higher amounts of solids move from one inter-

baffle compartment to the next in a near-uniform suspension. Finally, in the solid washout flow regime, 
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the oscillatory axial velocity dominates over the particle settling velocity and the solids are washed out 

of the reactor. An increase in the amplitude and/or frequency leads to a change in the flow regime, as 

well as to a decrease in the axial dispersion of solids, the ratio of solids to liquid mean residence time 

and the solids hold-up. 

The presence of oscillatory flow has been shown to have positive impacts on solid-liquid flows. 

Oscillatory flow enables the suspension of sedimenting particles (Mackley et al., 1993) and with an 

increase in amplitude and/or frequency, a more uniform particle suspension is achieved (Ejim et al., 

2017). Additionally, particle mixing has been found to be very sensitive to the frequency and amplitude 

of oscillations, hence allowing good control of the required mixing state by fine-tuning these operating 

conditions (Kacker et al., 2017; Reis et al., 2005). In particular, particles are easier to suspend at higher 

frequencies and lower amplitudes, which is also advantageous for obtaining plug flow behaviour in 

solid-liquid suspensions (Kacker et al., 2017; Reis et al., 2005). It is interesting to point out that whilst 

the recommended range of velocity ratio, 𝜓𝜓, to ensure plug flow in single phase liquid systems has 

been reported to be between two and four (Stonestreet and Van Der Veeken, 1999), higher values are 

typically required for solid-liquid systems. Kacker et al., (2017) reported an optimal value of five 

however several industrial studies have demonstrated that significantly higher values of 𝜓𝜓 are required 

to ensure solids suspension (Agnew et al., 2017; Briggs et al., 2015; Jiang and Ni, 2019; Peña et al., 

2017; Zhao et al., 2014); this is further discussed in section 3.2. This highlights that recommended 

conditions to minimize axial dispersion in single-phase systems may not always be the best choice for 

multi-phase systems where other process objectives (e.g., solids suspension) may be dominant.  

Another characteristic of solid-liquid flows in OBRs is that the solid phase typically has a longer 

mean residence time than the liquid phase (Ejim et al., 2017). This may be explained by the presence 

of fluid recirculation loops in the baffle region, where particles can be retained for a longer time than 

the liquid. The free baffle area, 𝛼𝛼, has also been identified as a dominant design parameter in 

controlling the back-mixing of solids and particle suspension; small values of 𝛼𝛼 have been found to 

minimise axial dispersion and increase the mean residence time of particles in the reactor (Ejim et al., 

2017; Kacker et al., 2017), which is certainly due to increased transverse velocities. Recently Jimeno 

et al. (2021) modelled solid-liquid fluid flow in a continuous OBR by coupling a primary Eulerian 

liquid phase with a secondary discrete Lagrangian phase consisting of solid particles. The results are 

in agreement with the axial dispersion coefficient and mean residence time results of Ejim et al. (2017) 

and Kacker et al. (2017). This work allows a better understanding of liquid-solid suspensions, which 

has previously been limited to empirical correlations obtained from single phase studies. 

 



 
34 

The impact of baffle geometry on solids suspension has been investigated very little. Reis et al. 

(2005) showed that OBRs with smooth constrictions require lower oscillation amplitudes that are 50% 

lower than those required with the sharp-edged orifice baffles for the full suspension of solids. This 

difference in performance may be due to the creation of poorly mixed zones in the vicinity of sharp-

edged orifice baffles (Reis et al., 2005). 

 

3.1.7.4 Gas-Liquid-Solid systems 
A limited number of studies on gas–liquid–solid systems in OBRs are found in the literature. The use 

of a pulsed baffled tube photochemical reactor has been demonstrated for three-phase heterogeneous 

catalysed photo-reactions and has shown good performance due to the effective solid handling capacity 

of this reactor type (Fabiyi and Skelton, 2000, 1999). Navarro-Fuentes et al. (2019b, 2019a) carried 

out catalytic hydrogenation of alkynol to alkenol in an OBR and found that due to the enhanced 

multiphase mixing and mass transfer, the OBR consumes five times less power, provides more than 

two times higher 𝐻𝐻2 efficiency and 50% lower residence time to achieve the same reaction performance 

obtained in a commercial STR. 

The influence of the solid phase on the gas-liquid mass transfer, hold-up, mean bubble size and 

bubble distribution have been studied by Ferreira et al. (2017). The presence of solids did not show 

any significant influence on the Sauter mean diameter (𝑑𝑑32) or the mass transfer coefficient (𝑘𝑘𝐿𝐿𝑎𝑎) for 

all operating conditions tested in the study. Although in bubble columns and airlifts, the presence of 

solids has shown to lead to a decrease in 𝑘𝑘𝐿𝐿𝑎𝑎 (Mena et al., 2005). Indeed, the presence of solids was 

found to decrease the bubble rise velocity and the bubbles then became trapped in each inter baffle 

compartment of the OBR, leading to an increase in the gas hold-up and specific interfacial area. It 

would be expected that this results in increased mass transfer, however, the authors postulate that the 

solids reduce the renewal rate of the liquid film at the bubble interface, thereby decreasing the liquid-

side mass transfer coefficient, 𝑘𝑘𝐿𝐿 and counter-balancing the possible increase in 𝑘𝑘𝐿𝐿𝑎𝑎 from the increase 

in specific interfacial area. The understanding of gas-liquid-solid systems is still challenging, and it is 

a promising area for different industrial applications, such as multiphase bioreactors and catalytic 

reactions. 
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3.2 Applications and industrial processes 

The advantages offered by OBRs (e.g., controlled mixing, which is independent of the bulk flow and 

allows effective mixing with longer residence times, as well as enhanced multi-phase mixing, heat and 

mass transfer) has made this reactor type attractive for applications in several industrial sectors, 

including the polymers industry, biofuels production, chemical industry, pharmaceutical industry and 

bioprocesses. Table 6 summarizes some industrial examples reported in the literature of reactions and 

processes carried out in OBRs. 

OBRs used in industrial processes are typically manufactured in borosilicate glass, polymers (e.g. 

poly(methyl methacrylate) and polyethylene) or 316L stainless steel. Depending on the manufacturing 

material, the OBR can handle process conditions between –20 and 200°C (for stainless steel) and below 

25 bar1 (for the NiTech® OBR), with jacket pressures of 0 – 1 bar. Commercial OBRs have different 

lengths, depending on the required residence time and pressure drop limitations; lengths are typically 

in the range 1 - 20 m. Stonestreet and Harvey (2002) studied different cases to illustrate the mixing 

design for industrial-scale OBRs, based on lab-scale studies. For the same production rate 

(2.3 tonnes/hr), smaller length-to-diameter designs with lower power density requirements are obtained 

for the OBR compared with a tubular reactor. This is possible due to the characteristic recirculating 

flow of the OBR, which allows good mixing performance for low net velocities (and therefore long 

residence times) with smaller length-to-diameter ratio tube when compared with conventional tubular 

reactors (Harvey et al., 2003). These capabilities can be observed in Figure 8 where it can be seen that 

the length-to-diameter ratio of the OBR is two orders of magnitude lower than that for a tubular reactor 

for the same production rate, thereby resulting in a much more compact design. 

 

                                                 
1 https://www.nitechsolutions.co.uk/products/ (accessed March 11, 2020) 
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Figure 8: Comparison of power density and length-to-diameter ratio for OBRs and a turbulent flow 
tubular reactor (Stonestreet and Harvey, 2002).  

 

OBRs in both batch and continuous modes have often been used for industrial crystallization 

processes (particularly for cooling and anti-solvent crystallization) due to the good temperature control 

(Ni and Liao, 2008) and mixing between the solvent and antisolvent (Brown and Ni, 2011). Due to the 

oscillatory flow, OBR crystallizers have been shown to provide high purity crystals (Caldeira and Ni, 

2009; McLachlan and Ni, 2016; Zhao et al., 2014), smaller crystals and narrow crystal size distributions 

(Cruz et al., 2016; Peña et al., 2017; Siddique et al., 2015), when compared with STRs. They also 

ensure adequate crystal suspension to prevent blockage from occurring (Brown et al., 2015). 

Furthermore, the presence of the net flow decreases the nucleation induction time due to an increase in 

the average shear rate (Yang et al., 2015). OBR crystallizers are, nevertheless, less well suited to 

evaporative and fast reactive crystallizations. As discussed in Section 3.1.3, mixing-dependent 

applications, such fast reactive crystallization, are difficult to perform in OBRs due to the difficulty in 

providing fast micromixing conditions. This can affect the correct nucleation and growth of the 

crystals, leading to a decrease in selectivity and/or crystal quality, altered product properties and the 

formation of undesired by-products, thereby requiring high purification costs. Many continuous 

crystallization processes in oscillatory baffled reactors have been operated with velocity ratios, 𝜓𝜓, that 

exceed the upper limit of the recommended range to ensure plug flow operation (i.e. 2 < 𝜓𝜓 < 4, 
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(Stonestreet and Van Der Veeken, 1999)); 𝜓𝜓 = 82 is the maximum value found in the literature. Such 

high velocity ratios are required to ensure solid suspension, as well as uniform particle size and 

distribution, however they do not necessarily provide plug flow conditions (Agnew et al., 2017; Briggs 

et al., 2015; Jiang and Ni, 2019; Peña et al., 2017; Zhao et al., 2014). This trend has also been observed 

for enzymatic hydrolysis with high solid processing, operating with 𝜓𝜓 values between 24 and 42 

(Muster-Slawitsch et al., 2020). This highlights that the use of the recommended value of 𝜓𝜓, as defined 

for single liquid systems, does not necessarily guarantee effective mixing or adequate process 

performance for complex multiphase applications. 

Production of bio-sourced fuels is a field in which there has been increasing interest over recent 

years and biodiesel, biobutanol and bioethanol have successfully been produced in OBRs (Hamzah et 

al., 2012; Ikwebe and Harvey, 2011; Masngut and Harvey, 2012; Phan et al., 2012; Takriff et al., 2009). 

Biodiesel production is a slow liquid-liquid mass transfer limited reaction and OBRs provide good 

liquid-liquid contacting and mass transfer, as well as long residence times in compact geometries, 

which makes them particularly well adapted to such reactions. Among the different designs, the smooth 

constriction geometry has shown to produce the highest biodiesel content (82%), compared with the 

wire wool baffle and the sharp edge helical with central rod baffle (74 – 76%). Indeed, the smooth 

constriction baffle geometry allows stable conversion rates in shorter times and better process 

performance, thanks to its capability to reach steady state in shorter times (33% faster than the other 

baffled geometries mentioned above) (Harvey et al., 2003; Mazubert et al., 2014; Phan et al., 2012). 

The low-shear and good mixing quality offered by OBRs are also well suited to the production of 

biobutanol and bioethanol, which are made principally by the fermentative action of microorganisms. 

Such liquid-liquid reactions have typically been carried out with higher velocity ratios 𝜓𝜓 than the 

recommended range of 2-4 for plug flow in single phase systems (𝜓𝜓 = 519 is the maximum value found 

in the literature); higher values of 𝜓𝜓 are required in order to ensure adequate liquid-liquid dispersion 

(Al-Saadi et al., 2019; Mazubert et al., 2015; Phan et al., 2012). Indeed, in liquid-liquid dispersions 

and reactions, the operating conditions may be chosen such that the oscillatory flow dominates over 

the net flow, and to ensure the required droplets size and distribution in addition to long residence time, 

rather than to favour plug flow. Lobry et al. (2014) obtained smaller droplet sizes in a vinyl acetate 

suspension polymerization due to the shearing action of the oscillatory flow when operating with 𝜓𝜓 

values of 12 and 16, which are an order of magnitude greater than the recommended velocity ratio 

range for plug flow. In some cases, the operating conditions do not follow the recommended range due 

to size restrictions of the reactor (Harvey et al., 2003), as often occurs in industry.  
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Recently, the biotechnology company Genzyme (now Sanofi) have improved their new API 

production via a three-phase reaction on the scale of multi-hundred tons using oscillatory baffled 

reactors provided by the company NiTech® Solutions, for a process certified by the FDA. The process 

time in the OBR is 40 times faster than the batch process, and results in higher quality product, reduced 

maintenance and controlled throughput, leading to a zero-rejection rate for the reaction step2. Whilst 

information on the physical phenomena and the specific reasons for the improved performance in the 

NiTech® OBR is not detailed in the report, it is expected that the enhanced performance is due to 

enhanced heat and mass transfer in the three-phase reactive system. 

In recent years, many companies have started to incorporate the oscillatory baffled reactor 

technology from NiTech® Solutions in their processes. Corning Incorporated demonstrated continuous 

flow chemical manufacturing that integrates the Corning® Advanced-Flow™ reactor and the NiTech® 

continuous crystallizer with Alconbury Weston Limited continuous filtration equipment3. Croda 

Europe, along with NiTech® Solutions, the Centre for Process Innovation (CPI) and the University of 

Cambridge’s Institute for Manufacturing have also been working on a collaborative project to develop 

novel methods for continuous production of surfactants4 to reduce operational and capital costs, 

increase process sustainability and maintain product quality. SAS PIVERT, an industrial group 

specialized in agricultural, chemical, and food & feed sectors, has recently acquired a NiTech® COBR 

DN15 crystalliser/reactor unit for the production of chemical products and energy from oil seed 

biomass5. 

The Centre of Excellence for Anaerobic Digestion at the University of New South Wales (USW) 

has been evaluating the feasibility and efficiency of C1 gas bio-conversion (methane) for energy 

production and storage using a Nitech® OBR DN60 crystalliser/reactor and comparing it with CSTRs 

and Liquid Recirculation Reactors (LRR). Methane is synthesised using a patented microbe culture 

from waste carbon dioxide reacted with hydrogen. Under standardised conditions, the OBR achieved 

the highest conversion efficiency with 75%, the CSTR 66% and the LLR was ruled out due to 

insufficient gas flow6. The hydrogenation capabilities of the OBR can also be applied in the food 

                                                 
2 https://www.nitechsolutions.co.uk/wp-content/uploads/2014/03/HW-case-study-Nov13.pdf (accessed February 17, 2020) 
3 https://www.nitechsolutions.co.uk/wp-content/uploads/2015/07/Corning-press-release-Jun15-final.pdf (accessed March 
11, 2020) 
4 https://www.nitechsolutions.co.uk/wp-content/uploads/2016/02/Newsletter-Feb16.pdf (accessed March 11, 2020) 
5 https://www.nitechsolutions.co.uk/nitech-units-to-be-used-in-biotech-research (accessed March 11, 2020) 
6 https://www.nitechsolutions.co.uk/market-sectors/biotechnology/university-of-south-wales-case-study/ (accessed March 
11, 2020) 
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industry, especially for processing vegetable oils, where hydrogen changes liquid vegetable oil to a 

semi-solid or solid fat, and stabilises the oil, thereby preventing its oxidation. In summary, all these 

practical cases demonstrate that the OBR technology is a viable choice for process intensification of a 

range of industrial applications. Nevertheless, the operating parameters of the OBR are very often 

adjusted to the specific application empirically since the existing design guidelines are not robust. 

 

Table 6: Examples of OBR applications. 

Reaction / Process References 
Acetylation (Zheng et al., 2018) 
Protein refolding (Lee et al., 2002, 2001) 
Hydrogenation (Navarro-Fuentes et al., 2019a, 2019b) 
Fermentation (Yussof et al., 2018) 
Flocculation (Gao et al., 1998; Ni et al., 2001a) 
Enzymatic reactions (Abbott et al., 2014b; Ikwebe and Harvey, 2015) 
Polymerisation (Lobry et al., 2014; Ni et al., 1999; Ni et al., 2001b) 
Transesterification (Al-Saadi et al., 2019; Koh et al., 2014; Mazubert et 

al., 2014, 2013; Soufi et al., 2017) 
Solid acid catalysed esterification (Eze et al., 2017, 2013) 
Microalgae culture (Abbott et al., 2015) 
Flotation (Anderson et al., 2009) 
Hydrate formation (Brown and Ni, 2010) 
Synthesis of metal-organic 
frameworks 

(Laybourn et al., 2019) 

Photo-oxidation (Fabiyi and Skelton, 1999; Gao et al., 2003) 
Ozonation (Lucas et al., 2016) 
Mitigation and wax deposition (Ismail et al., 2006) 
Saponification (Harvey et al., 2001) 
Biofuel production (Harvey et al., 2003; Kefas et al., 2019; Masngut et al., 

2010) 
Oil droplet breakage (Mignard et al., 2006, 2004) 
Crystallization / Precipitation (Briggs et al., 2015; Brown et al., 2015; Castro et al., 

2013; Kacker et al., 2017; McLachlan and Ni, 2016; 
Raval et al., 2020; Siddique et al., 2015) 

Cross flow filtration (Horie et al., 2018) 
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3.3 Further discussion on the limitations of recommended operating conditions 

The oscillatory baffled reactor, in both batch and continuous operation, has already been proven to 

enhance mixing in single and multiphase systems, mass and heat transfer, as well as to use less energy 

than conventional reactors, like STRs. COBRs have successfully been applied in many different 

industrial applications due to the possibility of obtaining good mixing quality independently of net 

flow, even under slow flow conditions when long residence times are required. In the literature, a 

number of guidelines for ‘optimal’ operating conditions have been proposed and have been widely 

adopted by researchers and users of OBRs over the last decades. However, most of these guidelines 

have been based on qualitative flow observations and the analysis of plug flow behaviour of the reactor 

for single-phase systems (water or similar). Unfortunately, these guidelines may not be so well adapted 

when applied to more complex systems with multi-physics and multiple phases, and therefore many 

industrial applications. Industrial processes are also confronted with multiple constraints related to 

pressure drop, residence time, materials compatibility, heat transfer, reaction 

yield/selectivity/conversion, which may require different oscillatory and flow conditions.  

For single orifice OBRs, Stonestreet and Van Der Veeken (1999) showed that for systems 

where 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 > 250, the influence of the oscillatory flow becomes disadvantageous in single orifice 

OBRs. Indeed, when the net flow is too high, the characteristic flow pattern created by oscillations is 

overridden and the mixing quality and efficiency is decreased. High net flows also lead to shorter 

residence times, and therefore increased reactor lengths may be required to achieve sufficient reaction 

conversion but in detriment of pressure drop. Additionally, Stonestreet and Harvey (2002) 

recommended a minimum net Reynolds number of 50 to achieve convection. However, these 

recommended limits 50 < 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 < 250 may not necessarily be easy to achieve, especially for low 

viscosity applications. Processes using high viscosity liquids or where the viscosity increases as the 

reaction progress (like some polymerisations) may not be so limited by these guidelines, however the 

latter case may be one of the most challenging situations since different flows and reactor designs may 

be required during the process. Hence, depending on the application (i.e., the fluids used and the 

process objectives), the most appropriate and practical ranges of 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 may vary. A modification of 

the reactor diameter may be a solution to achieve a desired 𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 when working with viscous fluids or 

when an increase in the flow rate is not practical; however, in some cases, this kind of modification 

cannot always be made and could require an additional reactor. An analysis of operating and capital 

expenses therefore must be carried out in order to choose the most adapted solution.  
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As it has been discussed throughout this paper, it appears that the recommended and ‘optimal’ 

operating conditions as presented in the literature may not always be well suited to the application in 

question. Indeed, the most appropriate operating conditions may depend on the process objective and 

the relevant parameters used to characterize the process performance; these will depend on the nature 

and the physics of the application. In some cases, when operating conditions present opposing effects 

on the reactor performance, a compromise may need to be established to obtain the best solution 

possible, based on the limiting phenomenon or the product-controlling phenomenon in the process. 

Some examples of conflicting operating conditions can be found in the literature. Fabiyi and Skelton 

(1999) performed a photo-catalysed mineralization of methylene blue in a pulsed baffled tube. The 

mass transfer (adsorption) enhanced with an increase of the mixing intensity (i.e., increase in the 

oscillatory conditions). However, the reaction rate did not improve with this increase in mass transfer. 

This was because an increase in the oscillatory Reynolds number increased the apparent scattering 

centres (particles that absorb light energy and re-emit it in different directions with different intensities) 

within the reactor since the uniformity of particle concentration was modified. An increase in the 

particle concentration at constant concentration of the absorbing species produces an increase in the 

optical thickness and an increase in the scattering albedo (i.e., ratio of scattering efficiency to total 

extinction efficiency), thereby leading to a decrease in the average reaction rate with respect to the case 

with no scattering. 

 

4 Conclusions and perspectives 

This review of the state of art presents an update of the oscillatory baffled reactor technology, for both, 

batch and continuous operations. The key geometrical parameters and dimensionless groups in the 

design of the reactor, and the most used ranges of operating parameters in the literature have been 

presented, along with the various baffle geometries that have been investigated to date. These 

geometries are easily adopted for different applications by only adjusting the operating conditions 

depending on the final process objective. 

Flow performance studies carried out to characterize OBRs as a function of the application and the 

process type have been highlighted. OBR technology has proven to enhance mixing, heat and mass 

transfer, as well as gas-liquid and liquid-liquid dispersion and solid suspensions. Due to this, OBRs 

have been used for many single phase and multiphase applications, such as polymers, biofuels, 

chemical reactions, pharmaceutical and bioprocesses. More recent studies have demonstrated that 

OBRs can achieve good gas-liquid mass transfer with the presence of a solid catalyst, extending the 
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industrial applications where oscillatory baffled reactor is already implemented, like multiphase 

bioreactors and catalytic reactions. Despite these successful demonstrations, the implementation of 

OBRs is still challenging for some applications, such as fast reactive crystallization, processes 

employing highly viscous fluids or solids suspension with high particle concentration. This is due to 

geometrical restrictions of the reactor, as well as the lack of studies and understanding of the associated 

phenomena within the OBR. 

An important aspect of the recommended and optimal operating conditions widely used in the 

literature has been discussed. Many characterization studies limit their operating conditions to achieve 

and maintain plug flow in the reactor. However, parameters other than plug flow behaviour, such as 

conversion rate, dispersion, macromixing, micromixing, particle size and distribution, etc. may also be 

a priority depending on the process objectives. The choice of the most convenient method to 

characterize OBR performance, along with the optimal operating parameters, will therefore depend on 

the nature and final goal of the process. 

 

5 Nomenclature 

𝐴𝐴  OBR cross-sectional area (m2) 

𝐶𝐶  species concentration (kg m-3) 

𝐶𝐶𝐷𝐷  orifice discharge coefficient (-) 

𝐶𝐶𝑝𝑝  fluid specific heat capacity (J kg-1 K-1) 

𝐷𝐷  OBR diameter (m) 

𝑑𝑑  OBR orifice diameter (m) 

𝐷𝐷𝑎𝑎𝑎𝑎  axial dispersion coefficient (m2 s-1) 

𝐷𝐷ℎ  hydraulic diameter (m) 

𝑑𝑑32  Sauter mean diameter (m) 

𝑑𝑑𝑒𝑒  equivalent diameter (m) 

𝑑𝑑𝑣𝑣,0.5  mean particle size (m) 

𝑓𝑓  oscillation frequency (Hz) 

ℎ𝑂𝑂𝑂𝑂𝑂𝑂  OBR-side transfer coefficient (W m-2 K-1) 
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𝑘𝑘   thermal conductivity of the process fluid (W m-1 K-1) 

𝑘𝑘𝐿𝐿  liquid-side mass transfer coefficient (m s-1) 

𝑘𝑘𝐿𝐿𝑎𝑎  volumetric mass transfer coefficient (s-1) 

𝑙𝑙  mixing length (m) 

𝑙𝑙∗  mixing length proposed by Jimeno et al. (2018b) (m) 

𝑙𝑙𝑏𝑏  distance between baffles (m) 

𝑙𝑙𝑏𝑏
𝑜𝑜𝑜𝑜𝑜𝑜  optimum distance between baffles (m) 

𝐿𝐿  reactor length (m) 

𝑛𝑛  number of baffles (-) 

𝑁𝑁𝑁𝑁  Nusselt number (-) 

𝑃𝑃𝑃𝑃  Prandtl number �𝐶𝐶𝑝𝑝𝜇𝜇 𝑘𝑘� � (-)  

𝑃𝑃/𝑉𝑉  power density (W m-3) 

(𝑃𝑃/𝑉𝑉)∗ dimensionless power density (-) 

𝑃𝑃𝑃𝑃  Péclet number (-) 

𝑅𝑅  radius of reactor (m) 

𝑅𝑅𝑉𝑉𝑉𝑉  axial to radial velocity ratio, weighted by area (-) 

𝑅𝑅𝑉𝑉𝑉𝑉  axial to radial velocity ratio, weighted by volume (-) 

𝑅𝑅𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛  net flow Reynold number (-) 

𝑅𝑅𝑅𝑅𝑜𝑜  oscillatory Reynolds number (-)  

𝑅𝑅𝑅𝑅𝑜𝑜ℎ  hydrodynamic oscillatory Reynolds number (-) 

𝑅𝑅𝑅𝑅𝑇𝑇  total Reynolds number proposed by Jimeno et al. (2018b) (-) 

𝑟𝑟  radial coordinate (m) 

𝑟𝑟𝑛𝑛  radial number (-) 

𝑆𝑆𝑛𝑛  swirl number (-) 

𝑆𝑆𝑆𝑆  Strouhal number (-) 
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𝑡𝑡  time (s) 

𝑢𝑢�  mean velocity (m s-1) 

𝑢𝑢𝑖𝑖,𝑧𝑧  axial velocity in computational cell 𝑖𝑖 (m s-1) 

𝑢𝑢𝑖𝑖,𝑟𝑟  transverse or radial velocity in computational cell 𝑖𝑖 (m s-1) 

𝑢𝑢𝑛𝑛𝑛𝑛𝑛𝑛  net velocity (m s-1) 

𝑢𝑢𝑥𝑥, 𝑢𝑢𝑦𝑦, 𝑢𝑢𝑧𝑧  velocity components (m s-1) 

𝑉𝑉  volume (m3) 

𝑣𝑣𝑟𝑟  radial velocity (m s-1) 

𝑣𝑣𝑧𝑧  axial velocity (cylindrical coordinate) (m s-1) 

𝑣𝑣𝜃𝜃  tangential velocity (m s-1) 

𝑥𝑥𝑜𝑜  center-to peak oscillation amplitude (m) 

𝑊𝑊𝑊𝑊ℎ  hydrodynamic Weber number (-) 

𝑊𝑊𝑊𝑊𝑠𝑠  Weber number (-) 

𝑥𝑥,𝑦𝑦, 𝑧𝑧  Cartesian coordinates (m) 

 

Greek symbols 

𝛼𝛼   dimensionless free baffle area �𝑑𝑑 𝐷𝐷� �
2
(-) 

𝛽𝛽  optimal baffle spacing ratio (-) 

𝛿𝛿  baffle thickness (m) 

𝜆𝜆  coefficient of thermal performance by Ahmed et al. (2018a) (-) 

𝜇𝜇   dynamic viscosity (Pa.s) 

𝜌𝜌   fluid density (kg m-3) 

𝜑𝜑  correction factor (-) 

𝜓𝜓   velocity ratio (-) 

ω  oscillation angular frequency (rad s-1) 
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